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ABSTRACT 
 
CONNELL CUNNINGHAM JR.: Improved methods of tandem mass spectrometry for 
proteomics applications in a quadrupole ion trap mass spectrometer 
(Under the direction of Dr. Gary L. Glish) 
 
 Tandem mass spectrometry (MS/MS) in the quadrupole ion trap mass 
spectrometer has become a standard practice for the structural elucidation of 
peptides for proteomics research.  In the quadrupole ion trap mass spectrometer, 
MS/MS is commonly effected using collision induced dissociation (CID).  However, 
other methods of ion activation, such as infrared multi-photon photodissociation 
(IRMPD) have been used to dissociate parent ions in the quadrupole ion trap.  The 
process of MS/MS has several limitations resulting from the operation of the 
quadrupole ion trap mass spectrometer.  Two of these limitations are addressed in 
the research reported in this dissertation.   
 The first limitation addressed in this research is the loss of structural 
information resulting from product ions not trapped during the process of CID.  
During CID in the quadrupole ion trap, product ions with a mass-to-charge 
approximately one-fourth that of their parent ion’s mass-to-charge are not trapped 
for mass analysis.  A method of MS/MS termed High Amplitude Short Time 
Excitation (HASTE) CID has been developed to allow trapping of these lower mass-
to-charge product ions.  This method increases the structural elucidation of peptides 
by providing valuable information in the form of immonium ions that are not mass 
analyzed using conventional CID methods.  
  iv
 The second limitation to MS/MS addressed in this dissertation is that of 
dissociating multiple parent ions simultaneously.  A method termed Iterative 
Accumulation Multiplexing (IAM) has been developed to increase the number of ions 
that can be identified during a single activation event.  Using IAM, more than two 
parent ions can be simultaneously encoded, dissociated, and their resulting product 
ions identified from a ratiogram.  Previous experiments conducted using IAM with 
CID were limited to a narrow range of qz values for the parent ions.  However, other 
MS/MS techniques such as thermally assisted (TA) CID, IRMPD, and TA-IRMPD, 
the range of qz values at which a parent ion can be successfully activated during 
IAM is shown to increase.  The increased range of qz values allow more product ions 
to be identified from the ratiogram, resulting in greater structural elucidation for the 
peptide parent ions.   
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CHAPTER 1 
PROTEOMICS AND TANDEM MASS SPECTROMETRY 
 
1.1. Introduction 
In an effort to understand complex biological processes occurring at the 
molecular level,  a vast amount of scientific research is now focused in the field of 
proteomics.(1-9)  The goal of proteomics is to identify the proteins encoded by an 
organism’s genome and gain an understanding of their expression, function, and 
regulation within the cellular environment.(10)  Unlike an organism’s genome, which is 
static, a proteome is continuously changing, thereby making protein identification 
difficult.   
Two methodologies have emerged to aid in identifying a protein and 
determining its structure.(11, 12)  Top-down proteomics is based on the analysis of an 
intact protein, while bottom-up proteomics utilizes an enzymatic digest to cleave the 
backbone of a protein between specific amino acid residues.  Using an enzymatic 
digest (i.e. bottom-up proteomics), the numerous amino acids that regulate a 
protein’s structure is reduced to smaller sequences of amino acids called peptides. 
Central to identifying a protein and understanding its function within a cell is 
determining the sequence of amino acids that govern the protein’s structure.  
Determining the sequence of an intact protein is not trivial because of the large 
number of amino acids that are included in its structure.  However, because peptides  
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have fewer amino acids than proteins, they are more easily sequenced. 
When a protein is digested, a complex mixture of peptides will result.  For this 
reason, techniques used to determine a peptide’s sequence must be robust, 
sensitive, and have a high throughput to deal with the large number of peptides that 
result from the enzymatically digested protein.(13)  These complex mixtures of 
peptides are typically separated using chromatographic methods prior to any attempt 
to determine their amino acid sequence.(14) 
Initial techniques to sequence peptides involved Edman degradation, which 
was limited by a long analysis time (approximately 30 minutes per residue) and 
required no less than picomoles of the sample.(15)  Edman degradation was also 
limited in that it could not be used to analyze peptides whose N-terminus was 
blocked by a modification.  In recent years, the use of Edman degradation has 
declined based on the aforementioned limitations and the growing demand for high-
throughput proteomics.(16, 17)  
Over the last few decades, mass spectrometry has become the technique of 
choice for proteomics analysis.(18)  Mass spectrometry is a sensitive technique, yet it 
is robust and capable of performing analysis on a millisecond time scale.  A mass 
spectrometer uses electrical and/or magnetic fields to determine the mass-to-charge 
ratios of gaseous ions under vacuum.  Information concerning the structure of the 
gaseous ions can be obtained by performing tandem mass spectrometry 
(MS/MS).(19, 20)  Thus, to sequence a peptide for bottom-up proteomics, MS/MS is 
used.  Of the various mass analyzers available, the quadrupole ion trap has gained 
widespread use due to its ability to perform multiple stages of MS/MS, (MSn), while 
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being small enough to fit on a bench top.  The research presented herein, details 
various improvements for MS/MS using the quadrupole ion trap mass spectrometer 
for bottom-up proteomics. 
1.2. Peptide nomenclature 
The widespread use of bottom-up proteomics has led to a common 
nomenclature for the identification of peptide product ions.(2, 21, 22)  Peptide 
dissociation generally occurs along the backbone of the peptide ion.  As a reference, 
Figure 1-1 shows a generic peptide structure in which the side chain for each amino 
acid is designated by R.  Along the backbone, the vertical lines represent bonds that 
can be broken upon dissociation.  Assuming that the peptide is singly charged, only 
one-half of the ion will retain the charge.  The other half will be neutral and therefore 
not observed in the resulting MS/MS spectrum.   
The name of a product ion will depend upon the end of the peptide (N-
terminus or C-terminus) that retains the charge.  Product ions that result from the N-
terminus are designated a, b, or c ions, while product ions that result from the C-
terminus are designated x, y, or z.  The subscript number refers to the number of 
residues remaining in the product ion while the subscript ‘n’ represents the total 
number of residues.   
Loss of amino acids from both the N-terminus and the C-terminus will result in 
the formation of internal peptide product ions.  The name for internal product ions is 
determined first by the a, b, or c amino acid from the C-terminus, then by the x, y, or 
z amino acid from the N- terminus.  These designations are enclosed in parentheses 
with a subscript indicating the total number of residues in the product ion (e.g. 
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Figure 1-1.  (A) is a generic peptide structure indicating the common 
nomenclature for a peptide to fragment along the peptide backbone.  R is 
representative of the side chains.  (B) is a generic immonium ion structure.   
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(b5y2)4).  In some instances, neutral molecules such as H2O or NH3 are lost from the 
peptide product ion.  Neutral losses are indicated using the letter of the product ion 
and the loss of the neutral molecule, (e.g. bn-H2O).   
Another product ion that is not commonly observed in mass spectra from the 
quadrupole ion trap mass spectrometer, but is important to the research reported 
herein, is the immonium ion.(23, 24)  Immonium ions are internal fragments of amino 
acids with only their single side chain.  Immonium ions are formed by a combination 
of a type and y type dissociation and are labeled with the 1 letter code for the 
corresponding amino acid (e.g. F for Phenylalanine).  Table 1-1 list the common 
immonium ions in addition to related ion masses that can indicate the presence of 
the amino acid.(23)   
A few researchers have proven that peptides can rearrange in the mass 
spectrometer prior to mass analysis.  These rearrangement ions tend to be difficult 
to identify from a mass spectrum.(25, 26)  However, rearrangement of a peptide’s 
sequence can be determined if enough information is found from the MS/MS 
spectrum.   
1.3. The quadrupole ion trap mass spectrometer 
Two categories of mass spectrometers exist based on the transmission of ions from 
the ionization source to the detector.  Beam analyzers, which include magnetic and 
electric sectors (B-E), triple quadrupole mass analyzers (QqQ) and time of flight 
mass analyzers (ToF) transmit ions from an ionization source to the detector in a 
forward moving trajectory.  Trapping mass analyzers, such as the Fourier ion 
cyclotron resonance mass spectrometer (FT-ICR) and the quadrupole ion trap mass 
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Table 1-1 
Amino acid Immonium ion masses Related ion masses for amino acid  
alanine 44   
arginine 129 112, 100, 87, 73, 70, 59 
aspartic acid 88   
asparagine 87 70 
cysteine 76   
glycine 30   
glutamine 101 84, 129 
glutamic acid 102   
histidine 110 82, 121, 123, 138, 166 
isoleucine/ 
leucine 86 72 
lysine 101 129, 112, 84, 70  
methionine 104 61 
phenylalanine 120 91 
proline 70   
serine 60   
threonine 74   
tryptophan 159 171, 170, 130, 117 
tyrosine 136 107, 91 
valine 72   
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spectrometer, hold ions for periods of time in a confined region prior to mass 
analysis.  Of the two categories of mass spectrometers, only trapping mass 
spectrometers are capable of multiple stages of MS/MS (i.e. MSn) using a single 
mass analyzer.  The theory of operation for the quadrupole ion trap mass 
spectrometer is discussed in detail below.   
1.3.1. Instrumentation 
Three hyperbolic shaped electrodes define the trapping region of the 
quadrupole ion trap mass spectrometer: two end-cap electrodes and one center ring 
electrode, shown in Figure 1-2 (A).  The trajectory of ions in the trapping region is 
defined as either radial (r0) or axial (z0), Figure 1-2 (B).  Ions are created in the 
source region of the mass spectrometer, guided into the mass analyzer through 
holes in the end-cap electrodes, mass analyzed and then detected by a detector 
located after the end-cap electrode, Figure 1-2 (B).   
To improve the sensitivity and resolution of the quadrupole ion trap, a bath 
gas of a neutral atoms or molecules is added to the trapping region of the 
quadrupole ion trap.  Helium tends to be used as a bath gas because of its small 
size.  As an ion collides with the bath gas its kinetic energy decreases through a 
process called collisional cooling.  Because the ion’s kinetic energy decreases, its 
trajectory also decreases allowing it to be trapped more efficiently.      
1.3.2. Theory of ion trap operation 
To create the trapping field, an alternating current (ac) voltage and a direct 
current (dc) voltage are applied to the ring electrode while the end-cap electrodes 
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 (A) 
 
 
 
 
 
 
 
 
 
 
 
(B)
Figure 1-2.  (A) Electrodes for the three dimensional quadrupole ion trap mass 
analyzer.  In (B), r0 is the radial direction and z0 is the axial direction.  For ions to 
be stable, their trajectory must be stable in both the r and z directions.   
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are held at ground.  The ac voltage has a frequency in the radio frequency (rf) range 
and is referred to as the rf trapping voltage throughout the remaining sections of this 
chapter and in the following chapters.(27-29)  The trajectories of ions in the quadrupole 
ion trap are described by a differential equation discovered by Mathieu and shown in 
Equation 1-1.  In this equation, 2t Ω=ζ where Ω is the frequency (in rad/s) for the 
rf trapping voltage and t is the time (s).  Ions are trapped by the quadrupole on trap 
when they have specific values for the Mathieu parameters qz and az, defined by 
Equations 1-2 and 1-3 respectively.  In both of these equations, the m is the ion’s 
mass and e is its charge.  The amplitude of the rf trapping voltage is defined as V in 
Equation 1-1 while the dc voltage applied to the ring electrode is defined as U in 
Equation 1-2.  General operation of the quadrupole ion trap uses 0 V for the dc (U).  
Hence only the change in the rf trapping voltage (V) is significant for instrument 
operation.   
The graphical representation of qz and az values is called a Mathieu stability 
diagram.  Figure 1-3 shows the region of stability most commonly used for the the 
three dimensional quadrupole ion trap mass spectrometer.  Ions with a qz value of  
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Figure 1-3.  The Mathieu stability diagram for the quadruple ion trap mass 
spectrometer.     
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between 0 and 0.908 are considered trapped by the electric field when the az value 
is held at zero.  Because qz is inversely proportional to the mass-to-charge ratio of 
an ion, (Equation 1-2) the larger mass-to-charge ions will exist at lower qz values.  
The ion that has a qz value of 0.908 is therefore the lowest mass-to-charge ion 
trapped by the mass analyzer.  This ion’s mass-to-charge ratio is given the 
designation of the low mass cut-off (LMCO).   
The Mathieu parameters qz and az can be combined to give a third parameter 
designated beta (β).  The calculation for β is a recursive function shown in Equation 
1-4.  If an ion’s qz value is less than 0.4, a more simple calculation called the 
Dehmelt approximation can be used to calculate β.  Equation 1-5 is the calculation 
for the Dehmentl approximation of β.  For the research reported herein, all significant 
qz values were less than 0.25, therefore only the approximation was necessary to 
calculate the β values for ions.   
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1.3.3. Resonance 
Each ion trapped in the quadrupole ion trap has a periodic motion that is 
based on the rf trapping voltage.(27-29)  This motion is termed the ion’s secular 
frequency ω, and is given in terms of rad s-1.  The calculation for secular frequency 
is given in Equation 1-6.  The secular frequency of a specific ion can be used to 
affect its trajectory in the axial direction through resonance.  When an additional 
supplementary voltage with a frequency matching the ions secular frequency is 
applied to the end-cap electrodes, the kinetic energy of the ion will increase to match 
the amplitude of the supplementary voltage.  When the ion’s secular frequency and 
the supplementary voltage are equal, they are said to be in resonance.   
1.3.4. Resonant ejection 
When a supplementary voltage with a large amplitude is used in resonance 
with the secular frequency of a trapped ion, the ion’s trajectory will become unstable 
and the ion will be ejected from the ion trap.  Thus, the supplementary voltage is 
called a resonant ejection voltage.  Resonant ejection can be used to improve the 
resolution of ions ejected for mass analysis for detection.(30)  During mass analysis, 
the rf trapping voltage is increased to cause the trajectory of ions to sequentially 
become unstable from lowest mass-to-charge ratio to highest mass-to-charge ratio.  
Ions of lowest mass-to-charge ratio tend to spend more time near the center of the 
quadrupole ion trap than ions of higher mass-to-charge ratio.  When the rf trapping 
voltage is increased, the smaller mass-to-charge ions will experience perturbations 
6)-(1               
2
Ω×= βω
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as a result of having to travel past the larger mass-to-charge ions.  These small 
perturbations will result in a loss of resolution, as the ion cloud tends to expand.  To 
improve the resolution of ions during mass analysis, a resonant voltage with a 
frequency a little less than half of the rf drive frequency is applied to the end-cap 
electrodes during mass analysis.  As the rf trapping voltage is increased, ions will 
come into resonance with the resonant voltage.  If the amplitude of the resonant 
voltage is large, then the ions will be ejected in the axial direction as smaller ion 
clouds, thereby improving their resolution. 
The mass-to-charge range of the quadrupole ion trap mass spectrometer is 
limited based on the maximum voltage that can be applied to the ring electrode, 
Equation 1-2.  To detect ions with a mass-to-charge ratio greater than the rf trapping 
voltage will allow, a resonant ejection voltage with a frequency much less than half 
of the rf trapping frequency can be applied to the end-cap electrodes.  As the rf 
trapping voltage is increased for mass analysis, ions are ejected at a lower qz value 
that is based on the frequency of the resonant ejection voltage.  Because the qz 
value is lower, ions that had previously not reached the ejection value of 0.908 will 
come into resonance with the voltage and be ejected for detection. 
1.4. The Dehmelt pseudo-potential well 
The amount of kinetic energy that an ion may acquire prior to being ejected 
from the ion trap is given by Equation 1-7 where Dz is the pseudo potential well 
7)-(1          
8
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depth and V is the voltage applied to the ring electrode.  The deeper the pseudo-
potential well the less likely it is that the ion will be ejected.  Because qz is inversely 
proportional to the mass-to-charge ratio, larger mass-to-charge ions will have lower 
qz values and have a shallower well depth.  Previous research has shown that the 
best qz values for resonance excitation is between 0.2 and 0.3 for the quadrupole ion 
trap.(31, 32)  To attain these values, the fundamental rf voltage is increased or 
decreased for the parent ion of interest.  Dissociation of large mass-to-charge ions 
requires that the fundamental rf voltage be increased.  As the rf voltage is increased 
the LMCO is also increased.  This increase in the LMCO has implications for the 
trapping of product ions formed during CID. 
1.5. Ion activation 
The goal of ion activation is to increase the internal energy of a parent ion 
beyond its critical energy of dissociation, so that its product ions can be observed for 
structural elucidation.(32-35)  Throughout this dissertation, ion activation is 
accomplished using CID and infrared multi-photon photo dissociation (IRMPD).  
Resonant excitation is used to affect CID in the quadruple ion trap mass 
spectrometer.(19, 20)  As the amplitude of the resonant voltage is increased, the 
kinetic energy of the parent ion also increases.  The resonant excitation voltage 
typically has an amplitude much less than 1 V, therefore the parent ion is not ejected 
as observed with resonant ejection.  Specific details of CID and limitations to CID 
are presented in Chapter 3.   
Ion isolation is required prior to ion activation to preserve the genealogy of the 
parent ion.  Generally, only one parent ion can be isolated for activation, which 
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presents a problem for high throughput, because time is required for the isolation of 
each parent ion.  Processes of multiplexing parent ions for dissociation have been 
developed to improve the throughput of parent ions for ion activation.  These 
processes encode parent ions prior to ion activation to preserve their product ions’ 
genealogy.  However, ion activation is not easily achieved for multiple parent ions.  
 Recently techniques for the use of thermal assistance (TA) for ion activation 
methods have been developed.  TA-CID and TA-IRMPD have both been shown to 
alleviate many of the common limitations associated with ion activation using CID or 
IRMPD.  Both TA-CID and TA-IRMPD are discussed in detail in the following 
chapters as solutions to the limitations associated with ion activation in the 
quadrupole mass spectrometer. 
1.6. Dissertation outline 
In the following chapters, various methods of ion activation are implemented 
for the structural elucidation of peptides.  Chapter 2 details the procedures and 
methods used for the various experiments.  In Chapter 3, a new method of ion 
activation call High Amplitude Short Time Excitation (HASTE) CID is used with a 
change in the rf scan function to circumvent the problems associated with the LMCO 
during CID.  The HASTE CID method is then utilized in Chapter 4 with the heavy 
bath gas argon to increase the number of product ions observed during HASTE CID.  
Chapters 5 and 6 detail three methods of ion activation, TA-CID, IRMPD and TA-
IRMPD, which are each combined with a method of multiplexing in to improve ion 
activation for multiple parent ions and throughput for MS/MS.  Chapter 7 presents a 
summary and suggests future studies based on the results shown herein.  
CHAPTER 2 
EXPERIMENTATION AND INSTRUMENTATION 
 
2.1. Introduction 
The purpose of this chapter is to discuss the experimental details for the 
research presented throughout the dissertation.  General information concerning 
samples and instrumentation is presented first.  In the remaining sections, the details 
of ion activation as related to each experiment are described.   
2.2. Sample preparation 
The peptides Leucine Enkephalin (YGGFL), des-Arg9 Bradykinin 
(RPPGFSPF), Proctolin (RYLTP) and ALILTLVS were purchased commercially from 
the Sigma-Aldrich Company (St. Louis, MO).  Sodium acetate was purchased from 
Sigma-Aldrich.  FLLVPLG was provided by the Bayer Corporation (Raleigh, NC), 
SIGSLAK was purchased from the American Peptide Company (Vista, Canada) and 
LLFGYPVYV was synthesized in the Department of Biochemistry at the University of 
North Carolina at Chapel Hill.  All peptides were used as received without further 
purification.  A single stock solution containing approximately 1 mM of each peptide 
was created using methanol, water and acetic acid in ratios of 75:20:5 (v/v/v).  The 
peptides were then diluted according to the experiment for which they were used.  A 
1 mM solution of sodium acetate was prepared and then diluted 50:50 (v/v) using  
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acetonitrile.   
2.3. Instrumentation 
This section provides the details of the customized quadrupole ion trap mass 
spectrometer used for all experiments.  A diagram of the mass spectrometer and the 
customized nano-ESI source is shown in Figure 2-1.  The instrument consisted of an 
ionization source, a source region and the mass analyzer region.  Each of these 
regions is described in the proceeding sections.   
2.3.1. Ionization 
The ionization source used for all experiments was a custom-built nano-ESI 
source based on a design similar to that of Wilm et al.(36) Borosilicate glass 
capillaries (10.4 cm long, 0.135 cm i.d., 0.169 cm. o.d.) were purchased from the 
Drummond Scientific Company (Broomall, PA) and used as needles for the nano-
ESI source.  Each needle was pulled using a Narishige model PP-830 glass 
microelectrode puller (Narishige International USA, Inc., East Meadow, NY) that was 
capable of pulling two needles from a single capillary.  The needle puller used a two-
step heating process to create needles with aperture sizes between 2 and 8 µm in 
diameter.  Sample volumes of approximately 10 µL were then loaded in to each 
needle with a syringe.  A nichrome wire was used to make contact with the solution 
in the pulled needle and the applied voltages (900 to 1500 V).
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Figure 2-1.  Experimental setup for the quadrupole ion trap mass spectrometer. 
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2.3.2. Source region 
The source region of the mass spectrometer consists of a front plate, two 
lenses and a back flange referred to as the back aperture.  The front plate was held 
at approximately +100 V to create the differential voltage for a constant ion current 
between the nano-ESI source and the entrance to the mass spectrometer.  The two 
source lenses, L1 and 2 in Figure 2-1 were used to accelerate and decelerate ions 
into the analyzer region of the instrument.  For their purpose, these two lenses were 
held at voltages between +20 to +30 V and differed by 2 V, (e.g. L1 = +24 V, L2 = 
+26 V).  Once ions passed though the two lenses, they then passed through the 
back aperture, which was held at ground.  Because the source region separates the 
atmosphere from the mass analyzer, O-rings were used on the back front plate and 
on the back aperture to enable differential pumping between the three regions.  The 
source region pressure was approximately 0.3 Torr while the high vacuum region is 
in the milliTorr range with bath gas.   
2.3.3. Mass analyzer region 
In the mass analyzer region, a set of Einzel lenses were used to both focus 
and gate ions from the source region into the mass analyzer.  The first and third 
Einzel lenses were held at the same voltage, which was -160 V while the second 
lens was held at -460 V.  The second lens was split into two sections so that gating 
of ions from the source was possible.  To allow ions to pass into the mass analyzer, 
both of the sections for the second Einzel lens were held at -160 V.  To stop ions 
from entering the mass analyzer the bottom half of the second Einzel lens was 
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inverted to +160 V, while the top half was held at -160 V.  Unless otherwise stated, a 
bath gas of helium at 0.83 mTorr was used in the mass analyzer region to kinetically 
cool ions and for ion activation.   
2.3.4. Mass analyzer operation 
Experiments were performed in a customized Finnigan ITMS™ that was 
controlled using Ion Catcher Mass Spectrometer (ICMS) software (Gainesville FL).  
For the research presented herein, only an ac voltage was applied to the quadrupole 
mass analyzer.  The rf trapping voltage used to trap ions had maximum amplitude of 
15,000 Vp-p with a rf trapping frequency of 1.1 MHz.  Based on the rf trapping voltage 
the maximum obtainable mass-to-charge ratio was set at 650 Da.   
The change in the rf trapping voltage with respect to time is known as a scan 
function.  A general scan function for mass analysis is shown if Figure 2-2.  In this 
scan function three regions are shown: ion injection, ion accumulation and mass 
analysis.  During ion injection, a low rf trapping voltage is used because a larger rf 
trapping voltage will eject ions from the mass analyzer.  A short accumulation time 
for ions to kinetically cool follows the injection Ions are then ejected from the mass 
analyzer using a combination of ramping the rf trapping voltage and the resonant 
ejection voltage.   
A sample scan function used to isolate and dissociate a parent ion (i.e. the 
ion of interest) is shown in Figure 2-3.  Because ionization is not specific to a single 
molecule, multiple ions with various mass-to-charge ratios are ionized in the source 
region.  To isolate a selected parent ion, a combination of the rf trapping voltage and 
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Figure 2-2.  General scan function for mass analysis using the quadrupole ion 
trap mass spectrometer.  
 22
Figure 2-3.  A scan function used to isolate and mass analyze ions using the 
quadrupole ion trap mass spectrometer.   
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to resonant ejection is used.  Region (1) of the scan function in Figure 2-3 shows 
that the rf trapping voltage at which ions were injected is relatively low when 
compared the rest of the scan function.  In region (2) of Figure 2-3, the rf trapping 
voltage is increased to bring the parent ion to a qz value of approximately 0.1.  
Regions 3 and 4 show a ramp of the rf trapping voltage in combination with the 
resonant ejection voltage to eject ions with mass-to-charge ratios  higher and lower 
than that of the parent ion of interests.  To eject the higher mass-to-charge ions, the 
frequency for the resonant ejection voltage is set to a qz value that is slightly lower 
than the qz value for the parent ion of interest.  For example, if the parent ion has a 
qz value of 0.1, the frequency of the resonant ejection voltage would be set for a qz 
value of 0.09.  As the rf amplitude is ramped, ions with qz values less than or equal 
to 0.09 will come in to resonance with the resonant ejection voltage.  The resonant 
ejection voltage was set to 6 V for all experiments described herein.  In region 5 for 
Figure 2-3, the parent ion of interest is brought to its qz value for ion activation (CID 
or IRMPD).  The resulting product ions are will eject ions from the mass analyzer.  In 
region (2) of Figure 2-3, the rf trapping voltage is increased to bring the parent ion to 
a qz value of approximately 0.1.  Regions 3 and 4 show a ramp of the  rf trapping 
voltage in combination with the resonant ejection voltage to eject ions with mass-to-
charge ratios  higher and lower than that of the parent ion of interests.   
To eject the higher mass-to-charge ions, the frequency for the resonant 
ejection voltage is set to a qz value slightly lower than the qz value for the parent ion 
of interest.  For example, if the parent ion has a qz value of 0.1, the frequency of the 
resonant ejection voltage would be set for a qz value of 0.09.  As the rf amplitude is 
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ramped, ions with qz values less than or equal to 0.09 will come into resonance with 
the resonant ejection voltage.  The resonant ejection voltage was set to 6 V for all 
experiments described herein.  In region 5 for Figure 2-3, the parent ion of interest is 
brought to its qz value for ion activation (CID or IRMPD).  The resulting product ions 
are then ejected from mass analysis by ramping the rf trapping voltage at a rate of 
5555 Da/s while simultaneously applying a resonate ejection voltage, Region 6 of 
Figure 2-3.  The ejected ions are detected based on their ion current, which is 
detected by an electron multiplier located after the back electrode.  The specific scan 
function to affect HASTE CID is found in chapter 3 while the scan function to affect 
iterative accumulation multiplexing is described in literature.(37)   
2.4. Programs for external waveforms and data analysis  
External waveforms were necessary for ion activation and isolation 
throughout the research presented herein.  The waveforms were built using a 
programming language called LabVIEW® Versions 6.0 and 6.1  (National 
Instruments, Austin, TX).  The program used to build single frequency waveforms is 
shown in Appendix A.  This program allows the user to build waveforms at specific 
frequencies, amplitudes and clock rates.  To build multiple frequencies, the stored 
waveform inverse Fourier transform (SWIFT) algorithm was used.(38-45)  The program 
to build the SWIFT waveforms is based on a program by Ray et.  al.(37)  Briefly 
described, the program allows the user to input a mass-to-charge range for ions that 
are to be either ejected or excited using the waveform.  The secular frequencies for 
these ions are then plotted and their phases shifted using a quadratic phase 
modulation found in Equation 2-1: 
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in which i is the index of a frequency component, φι is the phase corresponding to 
frequency component i, φ0 is the initial phase, J = π / 2, and K = 1 / Ns, where Ns is 
the number of nonzero data points in the spectrum.  The phase shift is necessary to 
avoid producing a delta function that would cause power concentrations in certain 
regions of the waveform.   
Waveforms built using the single frequency waveform program or the SWIFT 
waveform program were stored digitally and outputted to the mass analyzer end-cap 
electrodes using a National Instruments 5411arbitrary waveform generator (AWG) 
card.  A custom-built voltage amplifier circuit was used to increase the voltage from 
the NI 5411 AWG card by 5.2 percent, the maximum voltage allowed before 
distortion.  A third LabVIEW® program described elsewhere was used to trigger the 
sequence of waveforms for multiplexing (Chapters 5 and 6) and to control the 
amplitude of the waveform.   
Data from the Finnigan ITMS was taken in two modes; a profile mode and a 
centroid mode.  To observe the collected data from the instrument two to three 
programs were necessary thus required significant amounts.  Two programs were 
written in an effort to speed up data workup for the user.  These programs are given 
in Appendix B-1 and C-1.  Briefly, each program allows the user to look directly at 
his/her file without the aid of other programs.   
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2.5. Ion activation 
Four different methods of ion activation are used for the research discussed 
throughout this dissertation; these include CID, TA-CID, IRMPD and TA-IRMPD.  In 
this chapter, only a brief overview is presented for each ion activation method.  
Specific details concerning the integration of these methods to HASTE CID 
(Chapters 3 and 4) or iterative accumulation multiplexing (IAM) (Chapters 5 and 6) 
are described in their respective chapters. 
2.5.1. CID and TA-CID 
To affect CID a single frequency resonant excitation voltage was applied 
using either the instrument electronics or an external waveform.  Equation 1-6, gives 
the calculation for the secular frequency of an ion based on its β value.  However, 
this equation is only theoretical and does not give the actual secular frequency of 
ions trapped in the mass analyzer.  Imperfections in the trapping field caused by 
machining of the electrodes and the holes in the end-cap electrodes produce higher 
order fields that cause the trajectory of ions to change in the mass analyzer.  
Additionally, as ions accumulate in the trapped region, a small dc potential can occur 
which will change the trajectory of trapped ions.  Thus, for each of the experiments 
discussed herein, the secular frequency applied to affect CID was varied from the 
calculated frequency to allow for the most efficient dissociation of the parent ion.   
A second parameter that is important to optimize during CID is the amplitude 
of the resonant excitation voltage.  A competition between ejection of the parent ion 
and excitation of the parent ion exists when the resonant voltage is applied to the ion 
 27
trap.  If the amplitude is too large, the parent ions will be ejected.  However, if the 
amplitude is too low the ions will not gain enough internal energy to dissociate.   
TA-CID only differs from CID in that the bath gas and electrodes are heated 
to temperatures above ambient temperature.(46)  Thus, optimization of the resonant 
voltage amplitude and frequency was the same as that of the ambient temperature 
CID described in the previous section.  A Lesker 1000 W quartz light bulb was 
placed inside the vacuum housing below the electrodes to serve as a source of heat 
(Figure 2-1).  An external heater controller was then used to turn the light bulb on if 
the temperature of the trap fell below a set level.  To monitor the temperature of the 
bath gas, a platinum resistance thermometer was located approximately 2 mm away 
from the entrance end-cap electrode with its leads connected through a flange 
behind the electron multiplier.  The temperature of the bath gas can be increased to 
160°C using the Lesker 1000 W quartz light bulb before melting of the O-rings for 
the front plate and back aperture would occur.  An equilibration time of 
approximately 45 minutes was necessary before experiments were conducted. 
During the acquisition period for mass analysis, photons from the light bulb 
were striking the electron multiplier, which caused electronic noise to appear in the 
mass spectrum.  To reduce this electronic noise a CMOS switch triggered using a 
TTL from the instrument’s electronics was built to turn off the heater bulb during the 
mass acquisition period.  This CMOS switch was found to be most effective at 
reducing electrical noise if it was triggered 100 ms prior to the start of mass analysis.   
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2.5.2. IRMPD and TA-IRMPD 
The source of photons for IRMPD and TA-IRMPD was a Synrad 50-W CO2 IR 
laser.  The laser is located on a laser table near the side of the instrument (Figure 2-
1), and its beam guided toward the vacuum housing using a series of mirrors.  A zinc 
selenide window was used to allow the beam of photons to pass into the vacuum 
housing.  Thereafter, the laser beam passed through a 0.315 cm hole in the ring 
electrode to interact with ions trapped in the trapping volume.  A second 0.315 cm 
hole was drilled on the opposite side of the ring electrode to allow the laser beam to 
exit the trapping region.  A 5 V dc TTL trigger from the instrument electronics was 
used to pulse the laser on for specific amounts of time.  The laser power was set to 
100% for all experiments.   During TA-IRMPD the temperature of the bath gas and 
electrodes is raised using the same Lesker 1000 Watt stab-in light bulb as TA-
CID.(47) The lasing conditions for TA-IRMPD were the same as ambient temperature 
IRMPD.   
 
CHAPTER 3 
HIGH AMPLITUDE SHORT TIME EXCITATION 
COLLISION INDUCED DISSOCIATION 
 
3.1 Introduction 
Dissociation resulting from resonant excitation is known to occur in two 
discrete steps.(33, 48-50)  First, the parent ion is activated (excited) by increasing its 
internal energy through collisions with the bath gas.  The reaction for parent ion 
activation is given by Equation (3-1) where AB+ is the parent ion and AB+* is the 
activated parent ion.  The rate of parent ion activation through collisions with the 
bath gas (N) is given as ka[N] while the rate of parent ion deactivation with the bath 
gas is given as kd[N].  If the rate of collisional activation is greater than the rate of 
collisional cooling, and the internal energy gained by the parent ion increases 
beyond the parent ion’s critical energy for dissociation, the parent ion will dissociate.  
The reaction for parent ion dissociation is shown in Equation (3-2) where the A+ is 
the product ion and B is the neutral product.  The rate constant kuni is the rate of 
AB+ AB+* (3-1)
ka[N]
kd[N]
A+ + B (3-2)
kuni
AB+*
 30
unimolecular dissociation for the activated parent ion.  Once a parent ion is 
activated, there is some time, based on kuni, before product ions are possibly formed.  
One of the goals of High Amplitude Short Time Excitation Collision Induced 
Dissociation (HASTE CID) is to take advantage of the shortened time between 
activation and dissociation; the decreased time is used to circumvent the problem of 
the CID LMCO (see Chapter 1) that occurs during conventional CID in quadrupole 
ion trap mass spectrometers.   
The subtle differences between HASTE CID and conventional CID are 
sufficient to produce two different MS/MS spectra from the same parent ion.  During 
conventional CID, the parent ion is generally activated using excitation voltages less 
than 1000 mVp-p with activation times greater than or equal to 10 ms.  HASTE CID 
differs from conventional CID in that the excitation voltage used to activate the 
parent ion is typically greater than or equal to 1000 mVp-p, and the activation time is 
less than or equal to 2 ms.  The maximum power that a parent ion can absorb from 
activation is related to the excitation voltage and the activation time by Equation 3-
3.(34, 51)  In this equation, e is the charge of the parent ion, Ef is the magnitude of the 
excitation voltage, t is the activation time, and m is the parent ion’s mass.  The term 
dv/dt is the power lost from the parent ion via collisional cooling (ion deactivation).  
The maximum power that can be absorbed through collisions is proportional to both 
the activation time and the activation voltage.  However, because the term Ef is 
squared, changes in the excitation voltage will result in an exponential change in the 
3)-(3                        
dt
dv
m
tEe
A f +=
8
22
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power absorbed.  Changes to the activation time will result in a proportional change 
to the maximum power that can be absorbed by the parent ion.  However, a more 
desirable process would be to increase the maximum power that a parent ion gains 
during CID by increasing the excitation voltage.  Increasing the excitation voltage 
can also result in ion ejection, because a competition between the activation of the 
parent ion and the ejection of the parent ion exists when the excitation voltage is 
applied to the ion trap.   
During conventional CID, the parent ion gradually gains internal energy over a 
long activation period until a steady state of energy exchange between activation 
and deactivation is reached, or until dissociation occurs.  Use of a low excitation 
voltage has the advantage of preventing parent ion ejection during activation.  
However, a low excitation voltage does not typically increase the internal energy of a 
parent ion enough to result in product ions with sufficient internal energy to undergo 
subsequent dissociations.  To increase the probability of subsequent dissociations 
from a product ion, a higher excitation voltage can be used during conventional CID; 
however, this increases the probability for the parent ion’s trajectory to become 
unstable.  This unstable trajectory will result in the parent ion being ejected from the 
mass analyzer prior to dissociation.   
HASTE CID differs from conventional CID in that the ion activation time is 
much shorter and the amplitude of the excitation voltage is greater than in the 
conventional method.  Because the parent ion is activated for a much shorter time, 
the amplitude of the excitation voltage must be increased to effect dissociation.  By 
using a larger excitation voltage, the kinetic energy of the parent ion increases, thus 
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gaining more internal energy from the collisions with the bath gas.  Based on 
Equation 3-3, HASTE CID may therefore add more internal energy to the parent ion 
over a shorter time by using the larger excitation voltage.  This increased internal 
energy increases the probability for subsequent dissociation of the product ions.  
Thus, the MS/MS spectra resulting from HASTE CID differ from conventional CID 
spectra in both the abundance and, in some instances, identity of product ions.  The 
greatest potential disadvantage to using HASTE CID is that the larger excitation 
voltages may cause some percentage of the parent ion to be ejected.  
All product ions that form during resonant excitation, either conventional CID 
or HASTE CID, will be out of resonance with the excitation voltage.  These product 
ions will begin to come to thermal equilibrium through the loss of internal energy via 
collisions with the bath gas.  Therefore, for a product ion to continue to dissociate, its 
parent ion must have gained enough internal energy during the activation process to 
break at least two chemical bonds.   
3.2 Scan function for HASTE CID 
HASTE CID alone does not permit the trapping of product ions below the CID 
LMCO that is set during ion activation.  This is because the rf trapping voltage used 
during ion activation for HASTE CID is the same rf trapping voltage for conventional 
CID.  However, a slight modification in the rf scan function does permit product ions 
below the CID LMCO to be observed in the spectrum for HASTE CID.   
The rf scan function used for HASTE CID is designed to separate an ion’s 
activation from its dissociation.  During a typical scan function, as described in 
Chapter 2, the CID LMCO is used as the start mass for the acquisition ramp during 
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mass analysis.  Product ions with a mass-to-charge ratio below the CID LMCO are 
not trapped for mass analysis.  Theoretically, if the trapping rf voltage is reduced 
immediately following ion activation, and the rate of unimolecular dissociation is less 
than the transition time between the CID LMCO and the new LMCO, product ions 
having mass-to-charge ratios below the CID LMCO may be trapped for mass 
analysis.   
Figure 3-1 shows the scan function from the three dimensional quadrupole 
ion trap used for both the conventional CID and HASTE CID experiments.  Only the 
time for ion activation was different for the two experiments.  The activation time for 
conventional CID was set at 30 ms while the activation time for HASTE CID was set 
at 2 ms.  The first two rf ramps in figure 3-1 are used to isolate the parent ion of 
interest by ejecting the ions with higher mass-to-charge ratios higher than the parent 
ions and then ejecting the lower mass-to-charge ions.  Following the second ramp, 
the rf trapping voltage is lowered to set the qz value for the parent ion to 0.25.  The 
ion is then activated and the rf trapping voltage is quickly lowered over 40 µs to a 
LMCO value significantly lower than the CID LMCO.  The time allowed for 
dissociation in all experiments (conventional CID and HASTE CID) was 30 ms.  
3.3 HASTE CID optimization 
Both the amplitude and the frequency of the excitation voltage are critical to 
achieve efficient dissociation of a parent ion using either HASTE CID or conventional 
CID.  Due to hardware constraints, optimization of the excitation voltage for the 
linear quadrupole ion trap (ThermoElectron LTQ) could only be changed through the 
vendor-supplied software that controlled the instrument.  For the three dimensional 
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Figure 3-1.  RF scan function and timing diagram for both the 30 ms conventional 
CID and 2 ms HASTE CID experiments.  Only the activation time was changed for 
the two experiments.  The dissociation time for all experiments was 30 ms.   
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quadrupole ion trap a digital oscilloscope could be attached between the electronics 
that supplied the excitation voltage and the end-cap electrodes.  Information 
concerning the amplitude of the excitation voltage was then downloaded from the 
digital oscilloscope using a LabVIEW™ program.  The sections (3.3.1 and 3.3.2) that 
follow describe only the optimization for the three dimensional quadruple ion trap 
experiments and not the ThermoElectron LTQ. 
3.3.1 Optimization of the excitation voltage 
Ion activation using HASTE CID requires that the excitation voltage reach its 
maximum amplitude in a short amount of time.  The excitation voltage initially used 
for the HASTE CID experiments was applied to the end-cap electrodes using the 
software from the quadrupole ion trap.  However, the maximum amplitude, as shown 
in Figure 3-2, is not achieved until after 1.50 ms.  This time delay in the increase of 
the excitation voltage was shown to decrease the dissociation efficiency of the 
parent ion.  To prevent this issue, the waveforms for supplementary voltages were 
synthesized using a LabVIEW® program (see Appendix A), and applied to the end-
cap electrodes using a National Instruments arbitrary waveform generator (NI 5411).  
With the use of the arbitrary waveform generator, the dissociation efficiency of the 
parent ions was improved.  
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Figure 3-2.  Excitation voltage collected from (A) ion trap electronics and (B) 
arbitrary waveform generator.  Voltages were observed using a digital 
oscilloscope. 
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3.3.2 Optimization of the frequency 
Ions in a three dimensional quadrupole ion trap are continuously forced 
towards the center of the mass analyzer by restoring forces.  These restoring forces 
are the result of the rf trapping voltage applied to the ring electrode.  When a parent 
ion is excited using resonant excitation, its radius is known to increase, taking it 
away from the center of the mass analyzer.  As the radius of the parent ion 
increases, it is more affected by higher order electrical fields that are located in 
proximity to the end-cap electrodes.(28)  These higher order fields will cause subtle 
changes in the secular frequency of the parent ion.  Thus, the frequency of the 
supplementary voltage must be optimized to adjust for these differences in the 
secular frequency.ref  Figure 3-3 is a graph showing the selected ion current (SIC) 
for the dissociation of des-Arg9 Bradykinin (m/z 906) at various excitation 
frequencies.  Figure 3 (A) is the result of a 30 ms activation time with a 400 mVp-p 
excitation voltage.  Figure 3 (B) is the result of a 1 ms activation time using a 3000 
mVp-p excitation voltage.  A parent ion is considered to be efficiently dissociated if its 
abundance approaches zero during excitation while the TIC stays relatively high.  
Therefore, the minimum of the SIC curve shown in Figure 3-3 denotes efficient 
dissociation for des-Arg9 Bradykinin.   
For the 30 ms activation time, efficient dissociation will occur at approximately 
98.4 kHz; the minimum of the plot shown in Figure 3-3 (A).  However, the minimum 
of the curve for the 1 ms activation time is approximately 98.9 kHz.  This difference 
(offset) in frequency is due to the effects of the higher order fields on the parent ion.
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Figure 3-3.  Frequency versus abundance for (A) 30 ms activation time and (B) 1 
ms activation time using des-Arg9 Bradykinin.     
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Because the 30 ms activation time uses a lower amplitude than the 1 ms 
activation time, the movement of the parent ions away from their center of motion is 
small.  Thus, the parent ion does feels less of the effects from the higher order fields 
located near the end-cap electrodes.  In contrast, the 1 ms activation time required a 
3000 mVp-p excitation voltage.  This larger voltage moves the parent ion further from 
its center of motion and allows it to interact more with the higher order fields. 
HASTE CID requires a large activation voltage and is therefore more 
susceptible to the secular frequency shifts that result from the higher order fields 
near the end-cap electrodes.  For this reason, HASTE experiments required that the 
frequency for the excitation voltage be increased to higher values than those used 
for the conventional CID experiments.  This subtle shift in frequency was only 
observed in the three dimensional quadrupole ion trap mass spectrometer.    
3.4 Results from the sodiated sodium acetate studies 
3.4.1 Triple quadrupole mass analyzer results 
Figure 3-4 shows the dissociation of m/z 515, the sodiated sodium acetate 
parent ion ((C2H3O2Na)6Na+) using the triple quadrupole mass analyzer with a 20 eV 
collision energy.  The spectrum reflects the successive losses of individual sodium 
acetate groups from the initial parent ion.(52)  In contrast to the rf ion trap mass 
analyzers, the LMCO for CID in the triple quadrupole mass analyzer is independent 
of the parent ion’s mass-to-charge ratio.  Therefore, the complete mass-to-charge 
range from m/z 50 to m/z 600 is shown in Figure 3-4.  
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Figure 3-4.  MS/MS spectra for m/z 515 sodiated sodium acetate parent ion using 
a QqQ at a collision energy of 20 eV.   
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The lowest mass-to-charge product ion shown in Figure 3-4 is m/z 105, which 
is a single sodiated sodium acetate ion, ((C2H3O2Na)Na+).  To form this product ion, 
the parent ion must gain more internal energy when compared to other product ions 
in Figure 3-4.  In the triple quadrupole mass spectrometer, product ions may 
continue to collide with the bath gas, thus forming product ions with lower mass-to-
charge ratios.  Figure 3-4 also shows that the m/z 269 product ion, the sodiated 
sodium acetate ion trimer ((C2H3O2Na)3Na+), is the most abundant product ion 
formed using the 20 eV collision energy.   
To determine the amount of kinetic energy necessary to change the 
abundance of various product ions, an energy resolved mass spectrum (ERMS) was 
taken using the triple quadrupole mass spectrometer.  Figure 3-5 shows the ERMS 
plot for the m/z 515 parent ion with the center-of-mass collision energy varied from 0 
to 50 eV.  As the center-of-mass collision energy for the parent ion is increased, 
product ions are more likely to gain enough internal energy for consecutive 
dissociations to occur.  The ERMS plot shown in Figure 3-5 clearly shows the 
consecutive dissociation process occurring to produce the product ions with lower 
mass-to-charge values.   
These initial experiments, using the triple quadrupole mass spectrometer, 
proved that a range of product ions could be observed when the m/z 515 sodiated 
sodium acetate hexamer is dissociated.  In the experiments that follow, the m/z 515 
sodiated sodium acetate hexamer was dissociated using the three dimensional 
quadrupole ion trap and the two-dimensional quadrupole ion trap.  MS/MS spectra 
from both the 30 ms conventional CID and 2 ms HASTE CID are compared for each 
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Figure 3-5.  Energy resolved mass spectrum plot for CID of the 515 m/z sodium 
acetate parent ion using the triple quadrupole mass analyzer.  
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trapping mass analyzer.   
3.4.2 Three dimensional quadrupole ion trap results 
Dissociation of the m/z 515 sodiated sodium acetate parent ion using the 
three dimensional quadrupole ion trap was achieved using a qz value of 0.25, which 
set the CID LMCO at m/z 140.  Generally, any product ions that form during CID with 
a mass-to-charge ratio less than 140 are not trapped.  Figure 3-6 (A) is the result of 
conventional 30 ms CID using 165 mVp-p excitation voltage to dissociate the m/z 515 
parent ion.  Figure 3-6 (B) is the result of 2 ms HASTE CID using 1025 mVp-p to 
dissociate the m/z 515 parent ion.  A 1 ms activation time was also used to 
dissociate the 515 m/z parent ion (spectrum not shown) with an excitation voltage of 
4205 mVp-p to produce a spectrum similar to the 2 ms HASTE CID spectrum. 
Immediately following ion activation the rf trapping voltage was ramped down 
to a LMCO of 40 (i.e., m/z 40) in 40 µsec.  In Figure 3-6 (A), the m/z 433 product ion 
is clearly the most abundant peak in the spectrum.  Because the m/z 433 product ion 
is not in resonance with the applied excitation voltage, it does not gain any kinetic 
energy after it is formed.  Instead, this ion begins to collisionally cool by losing kinetic 
energy to the bath gas.  However, in Figure 3-6 (B) the 433 m/z product ion displays 
an abundance approximately 50% of that observed in Figure 3-6 (A).  In addition, the 
m/z 105, m/z 187, and m/z 269 product ions have each increased in abundance by 
at least 400% in the 2 ms HASTE CID spectrum.  These results indicate that more 
internal energy is added to the parent ion during the 2 ms HASTE CID experiments 
than during the conventional 30 ms CID experiments.  In addition, with HASTE CID  
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Figure 3-6.  Dissociation using the three dimensional quadrupole ion trap mass 
spectrometer for the 515 m/z sodium acetate parent ion using (A) 30 ms 
conventional CID and (B) 2 ms HASTE CID.   
0 100 200 300 400 500
0
200
400
2000
4000
6000
8000
0 100 200 300 400 500
0
200
400
2000
4000
6000
8000
105.0
515.2
433.2
351.1
269.1
187.1
Ab
un
da
nc
e
m/z
 m/z
515.2
433.2
351.1
269.1
187.1
(A) 
(B) 
 45
the product ions below the LMCO are observed if the rf trapping voltage is quickly 
ramped down following excitation. 
3.4.3 Two-dimensional quadrupole ion trap mass analyzer results 
In contrast to the software used to control the three dimensional quadrupole 
ion trap, the software for the LTQ provided limited user control and thus required an 
unconventional mode of operation to observe product ions below the CID LMCO.  
Trapping instruments are capable of performing multiple stages of mass analysis 
(MSn) which allows product ions to be activated after they have been formed.  A 
“pseudo” MS3 acquisition was performed to determine if the product ions below the 
CID LMCO could be observed using either conventional CID or HASTE CID.  The 
parent ion was first dissociated using the conditions for conventional 30 ms CID or 2 
ms HASTE CID.  During the “MS3 stage” of the experiment, an activation mass of 
m/z 140 was specified along with an isolation window of 100 Da (the maximum 
isolation width allowed by the software) and a collision energy of zero.  This 
procedure forced the LTQ to start scanning at m/z 50 instead of m/z 140, the latter 
being the conventional CID LMCO during the dissociation of the m/z 515 parent ion.   
Figure 3-7 shows the results of this experiment using the LTQ instrument.  
The spectrum in Figure 3-7 (A) is the result of a 30 ms activation time using a 13% 
normalized collision energy (0.449 Vp-p) (53).  The most abundant product ion in the 
Figure is the m/z 433 product ion.  Figure 3-7 (B) is the result of a 2 ms activation 
time using HASTE CID with 29% normalized collision energy (1.035  
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Figure 3-7.  Dissociation using the two dimensional quadrupole ion trap for the 
m/z 515 sodium acetate parent ion using (A) 30 ms conventional CID and (B) 2 
ms HASTE CID.   
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Vp-p).  This HASTE CID spectrum shows the m/z 269 product ion as the most 
abundant ion while the m/z 105 product ion exhibits a signal 16 times greater than 
that shown in Figure 3-7 (A).  
There are two factors contributing to the different results observed between 
the 30 ms conventional CID and 2 ms HASTE CID spectra.  First, the internal energy 
gained by the parent ion before it dissociates is less for the 30 ms activation time 
when compared to the 2 ms activation time; therefore less of the m/z 105 product ion 
is likely to be produced.  The second factor is that any m/z 105 product ion formed 
during the 30 ms activation time will likely be ejected out of the trap before the 
trapping voltage is lowered and the restoring force applied to the ion. 
3.5 HASTE CID of peptides 
Dissociation of the peptide Leucine Enkephalin (YGGFL) has been 
extensively studied using mass spectrometry.(26, 54-57)  Therefore YGGFL was chosen 
as the primary peptide to compare conventional CID using a 30 ms activation time to 
HASTE CID with an activation time of 2 ms.  For the 556 m/z YGGFL parent ion to 
have a qz value of 0.25, the amplitude of the rf trapping voltage was set to obtain a 
CID LMCO of 153 m/z.  The frequency and amplitude for the resonance excitation 
voltage were optimized using the quadrupole ion trap electronics to obtain sufficient 
dissociation without ejection for each activation time.  Figure 3-8 (A) shows the 
results of the 30 ms activation time using a 200 mVp-p amplitude for the YGGFL 
peptide.  Product ions b4 (425 m/z), a4 (397 m/z), y3 (336 m/z), y2 (279  
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Figure 3-8.  Dissociation of the peptide YGGFL in the three dimensional 
quadrupole ion trap using (A) 30 ms activation with 200 mVp-p, (B) 30 ms 
activation with 1000 mVp-p, and 2 ms activation with 1000 mV p-p.  
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m/z), b3 (278 m/z) and b2 (221 m/z) appear in the MS/MS spectrum.  Using only 
these product ions, the sequence for YGGFL can be effectively determined to 
contain GFL.  The dissociation of the b4 product ion to the a4 product ion in YGGFL 
is known to be the result of a consecutive dissociation.  The ratio of a4 to b4 is 
frequently used as a measure of the parent ion’s internal energy resulting from the 
activation process.  In Figure 3-8 (A), the a4 to b4 ratio is 0.75.  Thus, in an effort to 
increase the a4 to b4 ratio, the amplitude of the resonant excitation voltage was 
increased to 1000 mVp-p for the 30 ms activation time.  Figure 3-8 (B) shows that the 
a4 to b4 ratio does increase to 3.4 with the additional internal energy from the larger 
excitation voltage.  In addition, intensities increased for the b3 (278 m/z), y2 (279 
m/z) and b2 (221 m/z) product ions while the y3 (337 m/z) product ion’s intensity 
decreased.  The change in these product ions’ intensities is the result of the 
additional internal energy from the larger resonance excitation voltage.  Using the 
product ions from Figure 3-8 (B) the sequence GFL may be obtained.  Note that this 
sequence was also obtained from Figure 3-8 (A) using the lower excitation voltage 
standard for conventional CID.   
Immonium product ions formed from the dissociation of YGGFL will range 
from 30 to 136 m/z.  All of these product ions are below the CID LMCO for the 
dissociation of YGGFL at a qz value of 0.25.  MS/MS spectra resulting from the 30 
ms activation time do not contain immonium ions below the CID LMCO.  The 
explanation for this result is that the rf trapping voltage is not lowered quickly enough 
to allow these product ions to be trapped by the restoring forces of the quadrupole 
ion trap.  Using HASTE CID with a 2 ms activation time for YGGFL at a qz value of 
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0.25 and a 2000 mVp-p amplitude for the excitation voltage, immonium ions can be 
observed if the rf trapping voltage is lowered quickly following activation (Figure 3-8 
(C)).  In Figure 3-8 (C) both the tyrosine (Y) and phenylalanine (F) immonium ions 
appear below the CID LMCO.  Using this additional structural information, in 
combination with the b series from the MS/MS spectrum in Figure 3-8, the sequence 
of YG, or GY, can be determined for the b2 product ion.  The a4 to b4 ratio in Figure 
3-8 (C) is 2.4, which indicates that more internal energy is gained than during the 30 
ms activation time shown in Figure 3-8 (B).  Theoretically, a larger internal energy 
suggests that the immonium ions tyrosine (Y) and phenylalanine (F) are produced 
during the 30 ms activation time.  Though produced, these product ions are not 
observed simply because they are not trapped due to the long activation time at the 
CID LMCO.  CID of YGGFL conducted in a triple quadrupole mass analyzer 
produced a spectrum similar to that of the HASTE CID spectrum found in Figure 3-9.   
Excluding the presence of immonium ions, the MS/MS spectra for the 
conventional 30 ms CID at 1000 mVp-p and 2 ms HASTE CID at 2000 mVp-p for 
YGGFL are similar.  However, not all peptides used to compare conventional CID to 
HASTE CID have produced similar spectra.  Two very different conventional and 
HASTE CID results for the peptide SIGSLAK (m/z 675) are shown in Figure 3-10.  
The spectrum shown in Figure 3-10 (A) is for a 30 ms conventional activation time 
using a 580 mVp-p excitation voltage.  Figure 3-10 (B) is the result of a 2 ms HASTE 
CID activation time using an excitation voltage of 1700 mVp-p.  The first significant 
difference between the spectra  
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Figure 3-9.  Dissociation of the peptide YGGFL using the triple quadrupole mass 
analyzer.   
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Figure 3-10.  Dissociation of the peptide SIGSLAK using the three dimensional 
quadrupole ion trap with (A) 30 ms activation time and (B) 2 ms activation time.     
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in Figure 3-10 is the appearance of product ions below the CID LMCO of 186 Da.  
As expected, product ions do not appear below the CID LMCO for the 30 ms 
activation time.  In contrast, immonium ions for serine (m/z 60), leucine/isoleucine 
(m/z 86), and lysine (m/z 129) do appear below the CID LMCO in the 2 ms HASTE 
CID spectrum.  Again, the immonium product ions that appear below the CID LMCO 
are the result of the HASTE CID activation in conjunction with the rapid reduction of 
the rf trapping voltage.   
A second significant difference between the spectra shown in Figure 3-10 is 
the abundance of the product ions between m/z 400 and m/z 550.  No new product 
ions are formed in the 2 ms HASTE CID spectrum when compared to the 30 ms 
conventional CID spectrum.  Yet the relative abundance of the product ions between 
m/z 400 and m/z 500 is greater in the 30 ms spectrum.  Previous research conduced 
by others, has shown that basic residues in the sequence of a peptide can affect the 
internal  energy necessary to cause its dissociation.(58-62)  Peptide dissociation is 
thought to be the result of mobile protons along the amide backbone of the peptide.  
When basic residues are present, the side chain of the basic residue and the N-
ternminus of the amino acid are thought to interact through hydrogen bonding to 
form a stable cyclic structure.  This structure requires time to dissociate; thus, for the 
peptide SIGSLAK, the presence of the lysine (K) amino acid may explain the 
differences observed between the HASTE CID spectrum and the conventional CID 
spectrum.  CID of SIGSLAK performed using a triple quadrupole mass analyzer, 
Figure 3-11, resulted in spectra having the same immonium product ions as the 2 
ms HASTE CID spectra.   
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Figure 3-11.  Dissociation of the peptide SIGSLAK using the triple quadrupole 
mass analyzer.   
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A second example of a peptide that produced a significantly different 
spectrum for the conventional 30 ms activation time versus the HASTE CID 2 ms 
activation time, was the peptide ALILTLVS (m/z 830) shown in Figure 3-12.  Figure 
3-12 (A) is the result of a 30 ms activation time with a 500 mVp-p excitation voltage.  
The two most abundant product ions for the 30 ms activation time are the b7 (m/z 
725) and b6 (m/z 626).  With the exception of these few signals, Figure 3-12 (A) is 
void of product ions.  One explanation for the relatively low number of product ions is 
that the parent ion dissociates very quickly to produce the b7 product ion.  Thus, the 
parent ion has not gained enough internal energy to successively dissociate to other 
product ions.  As explained above, product ions begin to cool through collisions with 
the bath gas.  However, if enough internal energy was imparted to the parent ion 
during collisional activation, the b7 product ion may also have enough internal 
energy to dissociate, thus producing other lower mass-to-charge product ions  
Figure 3-12 (B) shows the result of HASTE CID for the ALILTLVS peptide 
using a 2 ms activation time with a 2000 mVp-p excitation voltage.  The spectrum 
shows extensive dissociation of the parent ion to produce a sequence of “b” product 
ions and bn-H2O product ions between m/z 350 and m/z 800.  The increase in 
abundance for these product ions, compared to conventional CID, is a direct result 
of the increased internal energy gained by the parent ion during the HASTE CID 
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Figure 3-12.  Dissociation of the peptide ALILTLVS using the ITMS with (A) 30 ms 
activation time and (B) 2 ms activation time.     
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 activation.  Because the parent ion was activated using 2 ms, it was not ejected 
when the large excitation voltage was applied.  HASTE CID therefore increases the 
internal energy for the ALILTLVS peptide more efficiently than the 30 ms 
conventional CID activation.   
In Figure 3-12 (B) a few product ions do appear below the CID LMCO of m/z 
219 for ALILTLVS, but their abundance is relatively low compared to the other 
product ions in the spectrum.  There are two possible explanations for the low 
abundance of these product ions.  One explanation is that the 2 ms activation time 
was too long for these product ions to be efficiently trapped by the restoring force.  
Thus, their abundance was reduced.  A second possible explanation is that the 
internal energy gained during HASTE CID was not sufficient to produce a large 
abundance of the product ions below the CID LMCO.  Figure 3-13 shows the result 
of CID for the ALILTLVS peptide using the triple quadrupole mass analyzer.  Only 
one product ion appears below the equivalent quadrupole ion trap CID LMCO at the 
m/z 86.  With the exception of this one peak, the spectrum obtained using the triple 
quadrupole ion trap mass analyzer is similar to the spectrum obtained using 2 ms 
HASTE CID in the quadrupole ion trap.   
The peptide LLFGYPVYV (m/z 1071) had the largest mass-to-charge ratio of 
the various peptides used for these experiments.  Large singly charged ions are 
often difficult to dissociate because the internal energy gained through collisions is 
distributed among the ions’ many degrees of freedom.  As a result, more internal 
energy must be imparted in order to dissociate the peptide ion.  The results of the  
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Figure 3-13.  Dissociation of the peptide ALILTLVS using the triple quadrupole 
mass analyzer.   
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conventional 30 ms CID experiment using LLFGYPVYV in the quadrupole ion trap 
are shown in Figure 3-14 A.  This spectrum exhibits product ions for b8 (m/z 954), y7 
(m/z 845), b7 (m/z 791), y6 (m/z 698), y5 (m/z 641), b5 (m/z 595), y4 (m/z 478) and an 
internal ion YPV (m/z 360).  Using these product ions alone, the complete sequence 
for LLFGYPVYV cannot be determined.  In addition, no product ions are observed 
below the CID LMCO of m/z 295 in the 30 ms CID spectrum.   
Figure 3-14 B shows the 2 ms HASTE CID spectrum for LLFGYPVYV.  In this 
spectrum, the product ions shown are the same as those found in the 30 ms 
spectrum.  However, the abundance of these ions was less when compared to their 
abundance in the 30 ms spectrum.  A number of product ions can be found below 
the CID LMCO in Figure 3-14 B with the most significant being the y2 (m/z 281), b3 
(m/z 375), and an internal product ion PV (m/z 197).  While no immonium ions are 
shown in the spectrum for the 2 ms HASTE CID, a few other product ions do appear 
below the CID LMCO.  These additional product ions do help to elucidate the more 
of the sequence for LLFGYPVYV.  CID conducted using the triple quadrupole mass 
spectrometer (Figure 3-15) shows similar results to that of the 2 ms HASTE CID for 
LLFGYPVYV.  However, the immonium product ions for Y (m/z 136), L (m/z 86), and 
P (m/z 70) were present in the triple quadrupole mass spectrum.   
The use of the HASTE CID technique in combination with the rapid lowering 
of the rf trapping voltage did not always result in the appearance of immonium ions 
for the seven peptide ions studied.  However, not all amino acids are expected to 
produce immonium ions(23).  All of the seven peptides studied were  
 60
Figure 3-14.  Dissociation of the peptide LLFGYPVYV using the ITMS with (A) 30 
ms activation time and (B) 2 ms activation time.     
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Figure 3-15.  Dissociation of the peptide LLFGYPVYV using the triple quadrupole 
mass analyzer.      
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also dissociated in the triple quadrupole mass spectrometer, which has a LMCO that 
is independent of the parent ion’s initial mass-to-charge ratio.  Results for the triple 
quadrupole mass analyzer confirm that for some of the peptides studied, product 
ions below the CID LMCO of the quadrupole ion trap mass spectrometers can be 
observed.  Using HASTE CID, in both the quadrupole ion trap mass spectrometer 
and the linear quadrupole mass spectrometer, the number of immonium product ions 
appearing below the CID LMCO typically decreases as the mass-to-charge ratio of 
the parent ion is increased.  This is expected because the number of degrees of 
freedom increases with increasing mass-to-charge ratio and a greater number of 
degrees of freedom requires more internal energy to reach the critical energy for ion 
dissociation.  Table 3-1 shows the number of product ions that appeared below the 
CID LMCO for the quadrupole ion  
 
Table 3-1 
Peptide 
Ion trap 
Number of Product 
ions Below CID LMCO
QQQ 
Number of product 
ions below ITMS CID 
LMCO 
YGGFL 2-4 2-4 
RYLTP 2-3 2-4 
SIGSLAK 3-5 4-6 
FLLVPLG 1 0-1 
ALILTLVS 0 0-4 
RPPGFSPF 2-6 3-8 
LLFGYPVYV 4-7 4-8 
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traps using HASTE CID in the QUADRUPOLE ION TRAP and CID in the triple 
quadrupole mass spectrometer, depending upon the excitation voltage used in the 
respective experiments.  Of the seven peptides studied, six out of seven did produce 
product ions below the CID LMCO in the quadrupole ion trap mass analyzer.  For 
the peptides that did show product ions below the CID LMCO, as the mass-to-
charge ratio of the parent ions increased the number of product ions below the CID 
LMCO also increased.   
To compare the HASTE CID spectra to their respective conventional CID 
spectra, the fragmentation efficiency, collection efficiency, and MS/MS efficiency 
were calculated.  The fragmentation efficiency is a measure of the product ion 
abundance versus the abundance of the isolated (not dissociated) parent ion in a 
MS/MS spectrum.  Table 3-2 shows the fragmentation efficiency for both 2 ms 
HASTE CID and conventional 30 ms CID using the quadrupole ion trap mass 
analyzer.  The fragmentation efficiency is given by Equation 3-1, where F is the sum 
of the abundance for the product ions in the MS/MS spectrum and P is the 
abundance of the parent ion in the MS/MS spectrum.  Fragmentation efficiencies are 
similar for three of the seven peptides studied.  Three of the peptides for which the 
fragmentation efficiency did decrease (RYLTP, SIGSLAK, and RPPGFSPF) 
contained basic amino acids at either their N- terminus or C- terminus.  Thus, as 
previously explained, these peptides would need greater amounts of internal energy 
for dissociation to occur based on the cyclic structure that forms because of the 
basic residue.    
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Collection efficiency describes how much of the initial isolated parent ion 
population is lost through ejection versus how much is trapped for mass analysis 
during the activation process.  The collection efficiency is given by Equation (3-2) 
where F is the sum of the abundances for the product ions in the MS/MS spectrum, 
P is the abundance of the parent ion in the MS/MS spectrum, and P0 is the 
abundance of the isolated parent ion prior to dissociation.  The collection efficiencies 
show the most variation of the three efficiencies calculated (fragmentation, 
collection, and MS/MS).  Collection efficiencies decrease for all but two of the 
peptides studied herein.  Because a large excitation voltage is necessary for HASTE 
CID, the possibility for ejection is greater when compared to conventional CID at 
Table 3-2 
Peptide 
Conventional CID 
Fragmentation 
Efficiency 
HASTE CID 
Fragmentation 
Efficiency 
YGGFL 100% 99% 
RYLTP 97% 89% 
SIGSLAK 93% 72% 
FLLVPLG 89% 86% 
ALILTLVS 97% 97% 
RPPGFSPF 80% 60% 
LLFGYPVYV 90% 74% 
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lower excitation voltages.  Therefore, the collection efficiencies shown in Table 3-3 
reflect this larger excitation voltage.   
 
The MS/MS (or CID) efficiency is given in Equation (3-3) where F is the sum 
of the product ion abundances in the MS/MS spectrum and P0 is the abundance of 
the initial isolated parent ion prior to dissociation.  The MS/MS efficiency is the 
product of the fragmentation efficiency and the collection efficiency.  This efficiency 
is a measure for the percentage of initial parent ion population was converted into 
product ions during the activation process.  From Table 3-4 it can be seen that the 
MS/MS efficiencies for HASTE CID are lower than those for conventional CID.  
Therefore, the high excitation voltage used for the HASTE CID activation reduces 
Table 3-3 
Peptide 
Conventional CID 
Collection 
Efficiency 
HASTE CID 
Collection 
Efficiency 
YGGFL 59.2% 59.6% 
RYLTP 74.4% 44.1% 
SIGSLAK 81.5% 53.0% 
FLLVPLG 77.5% 51.6% 
ALILTLVS 78.6% 70.7% 
RPPGFSPF 45.9% 48.8% 
LLFGYPVYV 65.7% 46.3% 
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both the collection efficiency and the MS/MS efficiency for the peptides studied 
herein. 
 
Product ions appeared below the CID LMCO for six of the seven peptides 
studied when the HASTE activation scheme was used.  While immonium ions were 
not abundant, the structural information gained during the HASTE CID process did 
increase the probability of correctly identifying the primary amino acid sequence.  
Theoretical calculations have verified that more internal energy was gained during 
the HASTE CID process.(63)  
3.6 Additional HASTE CID experiments 
From the previously reported experiments in Section 3.5, HASTE CID 
combined with quickly lowering the rf trapping voltage was shown to allow product 
ions below the CID LMCO to be observed.  For the results shown in Section 3.5, the 
time for ion activation was held at 2 ms and the time to ramp between ion activation 
Table 3-4 
Peptide 
Conventional CID 
MS/MS 
Efficiency 
HASTE CID 
MS/MS 
Efficiency 
YGGFL 59.2% 59.0% 
RYLTP 71.9% 39.2% 
SIGSLAK 75.8% 38.0% 
FLLVPLG 68.9% 44.2% 
ALILTLVS 76.0% 68.4% 
RPPGFSPF 36.9% 29.1% 
LLFGYPVYV 59.4% 34.2% 
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and ion dissociation was held at 40 µs.  To determine the affect that changes to the 
ion activation time have on the abundance of product ions below the CID LMCO, the 
ion activation time was varied while the duration of the excitation waveform was set.   
3.6.1 Scan function for additional HASTE CID experiments 
Figure 3-16 shows the timing diagram used for the additional HASTE CID 
experiments.  The rf scan function in Figure 3-16 resembles the scan function from 
Figure 3-1.  However, the activation time is varied between 1, 2, and 3 ms, whereas 
in the previous HASTE CID experiments the activation time was held constant at 2 
ms.  In these experiments, the duration of the excitation voltage is held constant.  
The excitation voltage was applied to the end-cap electrodes by an arbitrary 
waveform generator (NI 5411) that was triggered at the start of ion activation.  The 
excitation voltage was digitally created using computer software (LabVIEW) and 
then loaded in the arbitrary waveform generator.  This external waveform had a set 
duration of 2.046 ms (8193 points at a clock rate of 4.00 MHz).  Because the 
waveform used to excite the parent ions had a set duration that was independent of 
the software used to control the rf scan function, it would continue to send the 
waveform to the end-cap electrodes regardless of changes in the rf scan function.  
As an example, assume that the activation time in the rf scan function is set to 1 ms, 
the ramp to lower the rf trapping voltage is set to 40 µs, and the time for ion 
dissociation is set to 30 ms.  The excitation voltage from the arbitrary waveform 
generator is sent to the end-cap electrodes at the start of ion activation.  Therefore,  
 68
Figure 3-16.  RF scan function and excitation voltage for additional HASTE CID 
experiments.  The excitation voltage had a set duration of 2 ms, while the time for 
ion activation and the change between activation and dissociation was varied.   
Excitation 
Voltage 
Time 
rf 
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the 2 ms excitation voltage will continue through ion activation and the change in the 
rf trapping voltage, and end 60 µs into the dissociation time.  When the rf trapping 
voltage is changed, the secular frequency of the ions in the mass analyzer will also 
change.  Because the rf trapping voltage is changed while the excitation voltage is 
set, ions have the potential to go into or out of resonance with the excitation voltage.  
The frequency of the excitation voltage, as described in Section 3.3.2 is higher than 
the frequency used for conventional CID.  For the experiments that follow (Section 
3.7), all parent ions were activated using a qz value of 0.25.  The rf trapping voltage 
was immediately lowered following ion activation to achieve a LMCO of m/z 40.   
3.6.2 Results for extended excitation 
Of the three peptides studied for these experiments, SIGSLAK was the only 
peptide shown to produce a HASTE CID spectrum with a MS/MS efficiency above 
5%.  The other two peptides, ALILTLVS and LLFGYPVYV, had MS/MS efficiencies 
close to zero.  The most probable explanation for their decrease in MS/MS efficiency 
is that these peptides were ejected from the mass analyzer because of the 
approximately 2000 mVp-p excitation voltage used for HASTE CID.   
Figure 3-17 shows the results for HASTE CID using an excitation voltage 
duration of 2 ms for the peptide SIGSLAK.  The amount of time that the parent ion 
spent at its qz value of activation was (A) 1 ms, (B) 2 ms and (C) 3 ms in three 
separate experiments.  The spectra in Figure 3-17 were recorded within minutes of 
each other to ensure that the initial parent ion abundance was theoretically the same 
for all the experiments.  Thus, the ordinate axis in Figure 3-17 is in terms of  
 70
Figure 3-17.  Results of the 2 ms duration waveform using ion activation times of 
(A) 1 ms, (B) 2 ms and (C) 3 ms. 
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 abundance, so that each of the HASTE CID spectra can be compared based on 
true abundance of the ions.  In Figure 3-17, the SIGSLAK parent ion (m/z 675) 
exhibits various abundances depending on the amount of time that the parent ion 
spends at its qz value of activation.  The 1 ms activation time, Figure 3-17 (A), shows 
the greatest abundance (850 arbitrary units), while the lowest abundance (647 
arbitrary units) was observed for the 3 ms activation time, Figure 3-17 (C).  Parent 
ion abundance is clearly dependent upon the duration of parent ion activation.  A 
longer time spend in resonance with the excitation voltage will decrease the parent 
ion’s abundance.  During the 1 ms activation time, the parent ion would be expected 
to dissociate much less than for either the 2 ms or 3 ms activation times because the 
parent ion spends less time in resonance with the excitation voltage.    
From these experiments, the abundance of product ions below the CID 
LMCO was observed to change based on the length of time that the parent ion 
stayed at the qz value of 0.25.  For the 1 ms time, the sum of the abundances of 
product ions below the CID LMCO was found to be approximately 4% of the initial 
parent ion’s abundance, while for the 2 ms and 3 ms the values were approximately 
2% and 1%, respectively.  Because the rf trapping voltage was lowered more quickly 
for the 1 ms activation time, the number of product ions below the CID LMCO that 
are trapped is increased.  Longer activation times (i.e., 2 ms and 3 ms) will reduce 
the number of product ions below the CID LMCO because these ions are not 
trapped at the the longer activation times.   
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The fragmentation efficiency, collection efficiency, and MS/MS efficiency were 
calculated for the peptide SIGSLAK using the 1 ms, 2 ms, and 3 ms activation times.  
The results for these calculations are shown in Table 3-5.  Both the collection 
efficiency and the MS/MS efficiency decrease as the time during which the parent 
ion stayed at the qz value 0.25 was increased.  Because of the high (2000 mVp-p) 
excitation voltage used for HASTE CID, a high percentage of the parent ions were 
ejected.  When longer activation times are used, the parent ions are more 
susceptible to ejection, thus the collection efficiency is shown to decrease with 
longer activation times.  As previously described (Section 3-5) the product of the 
collection efficiency and fragmentation efficiency is the MS/MS efficiency.  
Therefore, a similar trend in the MS/MS efficiency (decreasing MS/MS efficiency with 
increasing activation time) can be attributed to the ejection of parent ions because of 
the high excitation voltage.   
The fragmentation efficiency, in contrast to the collection efficiency, did not 
vary during any of the ion activation times.  The equation for the fragmentation 
efficiency (Equation 3-1) accounts for the abundance of ions (products and 
undissociated parent) in the MS/MS spectrum, but it does not take into consideration 
the initial abundance of parent ions.  Theoretically, if a parent ion is activated for a 
Table 3-5 
 Fragmentation Efficiency 
Collection 
Efficiency 
MS/MS 
Efficiency 
1 ms 72% 39% 28% 
2 ms 72% 35% 25% 
3 ms 73% 27% 20% 
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longer time, the abundance of its product ions should increase until the entire 
population of parent ion has reach zero.  However, for these experiments, the 
duration of the excitation voltage was set to 2 ms.  Thus the amount of time that the 
parent ions spent in resonance at the theoretically calculated secular frequency 
changed from experiment to experiment (i.e. if the activation time was set to 1 ms 
then for the 1 ms after ion activation, the parent ion was not in resonance with its 
theoretically calculated secular frequency).  The only plausible explanation for the 
fragmentation efficiencies calculated is that the secular frequency of the SIGSLAK 
parent ions did change during ion activation such that the population of parent ions 
did interact (come into and out of resonance) with the applied excitation voltage as 
the rf trapping voltage was lowered.  This conclusion warrants further 
experimentation to test the length of time for the transition between the CID LMCO 
and the LMCO for dissociation.  
3.7 Conclusions 
HASTE CID, combined with immediately lowering the rf voltage following ion 
activation, allows product ions below the CID LMCO to be observed.  While 
immonium ions were not observed for every peptide ion used in these experiments, 
the elucidation of peptide structure was improved by the addition of the lower mass-
to-charge product ions.  The most important characteristic of HASTE CID is the 
increased internal energy gained during parent ion activation.  This increased 
internal energy allows a greater number of sequential dissociations to occur when 
compared to conventional CID using lower excitation voltages.   
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For the peptides studied, the fragmentation efficiency, collection efficiency 
and MS/MS efficiency varied for conventional CID versus HASTE CID depending 
upon the peptide.  Differences in these efficiencies can be attributed to either 
depletion of the parent ion population during HASTE CID, or incomplete dissociation 
of parent ions using HASTE CID.  An attempt to increase these efficiencies using a 
heavier bath gas and a modification to ion activation is discussed in the following 
chapter.   
Changing the rf trapping voltage while simultaneously applying the excitation 
voltage did not improve the MS/MS efficiency or the collection efficiency for HASTE 
CID.  However, these experiments did succeed in proving that the time that a parent 
ion stays at its qz value of activation does affect the number of product ions 
observed in the MS/MS spectrum.  Lastly, these experiments have shown that the 
ramp down time between the CID LMCO and the LMCO for dissociation does affect 
the abundance of product and parent ions in the HASTE CID spectrum when the 
duration for the excitation voltage is longer than duration of ion activation. 
 
CHAPTER 4 
THE USE OF HEAVY BATH GASES WITH HIGH AMPLITUDE SHORT TIME  
 
EXCITATION COLLISION INDUCED DISSOCIATION 
 
 
4.1. Introduction 
In Chapter 3, ion activation using HASTE CID was shown to add more 
internal energy to parent ions than conventional CID.  This increase in internal 
energy resulted in the subsequent dissociation for product ions and, for select 
peptides, the formation of immonium product ions was observed.  Through the use 
of HASTE CID, and quickly lowering the rf trapping voltage following ion activation, 
product ions below the CID LMCO were observed in the resulting MS/MS spectrum.   
The fragmentation efficiency of the peptides studied in Chapter 3 was shown 
to decrease when HASTE CID was compared to conventional CID.  The most 
plausible explanation for the decrease in fragmentation efficiency was that these 
peptides contained basic residues that formed very stable cyclic protonated 
molecules.  Previous research involving surface induced dissociation (SID) has 
shown that peptides containing a basic side chain require a greater internal energy 
to effect dissociation of these very stable cyclic protonated molecules(58, 60, 61, 64-66).  
Thus, for the previous experiments involving HASTE CID, a significant portion of the 
parent ion population was not dissociated because the internal energy was not    
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sufficient to dissociate these very stable cyclic structures(e.g. Figure 3-10).  To 
increase the kinetic energy of a parent ion the amplitude of the excitation voltage 
can be increased.  However, increasing the amplitude of the excitation voltage can 
also lead to ejection of the parent ion.  Thus, for HASTE CID, which uses 
considerably high excitation voltages for ion activation, increasing the amplitude of 
the excitation voltage is not a plausible alternative.   
An alternative to increasing the amplitude of the excitation voltage is to 
change the bath gas used for collisional activation from helium to a heavier gas.  
Previous research using static heavy bath gases and pulsed heavy bath gases for 
CID in the quadrupole ion trap mass spectrometer have proven that a parent ion’s 
internal energy increases with increasing molecular weight of the bath gas.(51, 67-70)  
In this chapter, argon is used in addition to helium to effect dissociation of various 
peptides using HASTE CID.   
 
4.2. Heavy bath gases in the quadrupole ion trap 
The amount of internal energy that a parent ion gains from a single collision is 
relatively small when compared to the total amount of energy necessary to break the 
amide bond of a peptide, thus multiple collisions are required for dissociation to 
occur.  The maximum amount of internal energy that an ion can gain from its 
collision with the bath gas is defined as the ion’s center-of-mass collision energy 
(Ecom).  The calculation for the center-of-mass kinetic energy is given in Equation 4-
1, where Elab is the ion’s laboratory frame kinetic energy, mp is the mass of the 
parent ion and mn is the mass of the bath gas.  As shown in Equation 4-1, an ion’s 
center-of-mass kinetic energy increases as the mass of the bath gas is increased.  
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Thus, the use of a heavy bath gas increases the probability that an activated parent 
ion will reach its critical energy for dissociation.     
Typically, heavy bath gases are not used in the quadrupole ion trap mass 
spectrometer because they can decrease its sensitivity and resolving power.  During 
mass analysis, the rf trapping voltage is increased so that the trajectory of the 
trapped ions will become unstable.  Because the rf trapping voltage is increased, 
each ion’s qz value is increased which also increases their kinetic energy in the axial 
direction.  When these ions collide with the heavier bath gas, the increased kinetic 
energy is enough to cause the ions to dissociate into fragment ions.  These fragment 
ions are immediately ejected because their mass-to-charge ratio is less than their 
parent ion’s mass-to-charge ratio.  Thus, the result is early detection of an ion 
current at the detector, which results in a mass shift to lower mass-to-charge ratios.   
The resolving power (the reciprocal of “resolution”) is given by Equation 4-2, 
where the observed mass, m, is divided by the width of the peak at a defined height, 
∆m.  Previous research has shown that scattering resulting from heavy bath gases 
will increase ∆m, and result in a decrease in the resolving power for the mass 
spectrometer.(51, 67)  The defined peak height for the experiments described herein is 
fifty percent of the peak height, or the full width half max (FWHM).  Generally, a 
resolving power of 1500 or greater can be expected for the quadrupole ion trap 
mass spectrometer used for these experiments.  
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4.3. Results 
4.3.1. Optimization of bath gas pressure 
The following experiments use argon as the bath gas.  To make use of the 
argon, the initial experiments focused on the optimization of its pressure in the mass 
spectrometer.  Argon was admitted into the vacuum housing of the instrument 
through a line near the electron multiplier detector, and its pressure measured using 
an ionization gauge.  Mass spectra were obtained for the YGGFL peptide (m/z 556) 
at various argon pressures starting at 5.0 x 10-5 torr and increased by 1.0 x 10-5 torr 
to 1.5 x 10-4 torr.  A pressure of 1.0 x 10-3 torr was not possible given the pumping 
constraints of the vacuum system.   
Figure 4-1 (A) is the mass spectrum for YGGFL injected into the mass 
analyzer with an argon pressure of 1.5 x 10-4 torr.  Asterisks in Figure 4-1 (A) denote 
ions that are indicative of fragment ions from the protonated molecule YGGFL.  
Fragment ions are the result of the uncontrolled dissociation of a parent ion that is 
not isolated.  Generally, a certain percentage of the protonated molecule population 
can have a rate of collisional activation that is greater than the rate of collisional 
cooling.  This will result in the dissociation of the protonated molecule and fragment 
ions in the MS spectrum.  As shown in Figure 4-1 (A), at an argon pressure of 1.5 x 
10-4 torr, the additional internal energy that the protonated molecule gains through 
collisions with argon can cause significant fragmentation.  
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Figure 4-1.  (A) The mass spectrum for YGGFL injected into the mass analyzer 
with an argon pressure of 1.5 x 10-4 torr.  Asterisks denote ions that are indicative 
of fragment ions for YGGFL.  (B) Protonated molecule of YGGFL with an argon 
pressure of 1.5 x 10-4 torr. 
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Because the abundance of the protonated molecule is low, a higher concentration 
(approximately 700 µm) of the sample was necessary to increase its abundance in 
the MS spectrum.     
Another result shown in Figure 4-1 (A) is that all of the signals appear to be 
broad at their base.  Figure 4-1 (B) is the same mass spectrum shown in (A), but the 
mass-to-charge range has been changed to 545 – 560 to emphases the protonated 
molecule.  As explained above, heavy bath gases will cause scattering that can 
influence the trajectory of ions trapped in the ion trap in the mass analyzer.  Figure 
4-1 (B) shows this effect where the protonated molecule at m/z 556 is shown at an 
assigned value of approximately m/z 554.  The calculated mass resolving power for 
the protonated molecule, assuming a FWHM of 1.5, is approximately 370.  These 
results suggest that the protonated molecule’s ion abundance and the resolving 
power of the mass spectrometer suffer because of the 1.5 x 10-4 torr argon gas.   
Figure 4-2 is the mass spectrum for YGGFL using argon as a bath gas at a 
pressure of 5.0 x 10-5 torr.  As shown in Figure 4-1 (A), fragment ions, denoted by 
asterisks, are still the most abundant ions in the spectrum.  However, the abundance 
of the protonated molecule of YGGFL has increased to approximately 2500 counts, 
which is twice that found for the protonated molecule using 1.5 x 10-4 torr of argon in 
Figure 4-1.  Another important difference between the Figure 4-1 (A) and Figure 4-2 
(A) is that the peaks in Figure 4-1 (A) have unit mass resolution (i.e. a peak width of 
m/z 1 at FWHM).  The resolution of the protonated molecule found in Figure 4-2 (B), 
using a FWHM of 0.5, is approximately 1100.  This is an indication that the ions are 
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Figure 4-2.  (A) The mass spectrum for YGGFL injected into the mass analyzer 
with an argon pressure of 5.0 x 10-5 torr.  Asterisks denote ions that are indicative 
of fragment ions for YGGFL.  (B) Protonated molecule of YGGFL with an argon 
pressure of 5.0 x 10-5 torr. 
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 ejected with fewer deleterious effects from their collision with the argon bath gas as 
they are mass analyzed, resulting in less broadening of the peaks in the mass 
spectrum.   
Both of the MS spectra in Figure 4-1 (A) and Figure 4-2 (A) contained 
extensive fragmentation of the protonated molecule YGGFL.  To explain the 
extensive fragmentation of the protonated molecule observed in these mass spectra, 
the fragmentation efficiency (Equation 3-1) was calculated.  An important 
assumption implicit in the calculation for fragmentation efficiency, is that the majority 
of the fragment ions found in the spectrum are from the protonated molecule.  For 
Figures 4-1 and 4-2, the protonated molecule was not isolated.  Hence, other ions 
that are not from the dissociation of the protonated molecule are in the mass 
spectrum.  Figure 4-3 shows the results of the fragmentation of YGGFL at various 
pressures of argon.  Of the pressures tested, 5.0 x 10-5 torr gives the highest 
resolving power.  Therefore, 5.0 x 10-5 torr was chosen as the pressure to use for 
the argon gas.   
In Figures 4-1 and 4-2, the parent ion abundance was less than the sum of 
the fragment ion abundances when the bath gas was exclusively argon.  These 
fragment ions may be the result of a greater rate of collisional activation versus the 
rate of collisional cooling.  To alleviate this fragmentation, a mixture of bath gases 
having different masses, (e.g. argon with helium) can be used.  In such a mixture, 
the helium would serve to provide collisional cooling of the protonated molecular 
ions while the heavier bath gas would increase the internal energy gained during ion 
activation.  Figure 4-4 is the mass spectrum for YGGFL using 5.0 x 10-5  
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Figure 4-3. The percentage of fragment ions in the MS spectrum for 
protonated YGGFL versus the pressure of argon gas.    
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 torr of argon and approximately 1 x 10-3 torr of helium.  The protonated molecule is 
the most abundant ion observed in Figure 4-3 (A) and product ions (denoted by 
asterisks) have significantly decreased in abundance.  Figure 4-3 (B) also shows 
that the protonated molecule has unit mass resolution.  Thus, the addition of helium 
served to increase the abundance of the protonated molecule without decreasing the 
mass resolution of the spectrum.   
To determine the pressure of helium that would produce the least 
fragmentation in the mass spectrum, various pressures of helium were tested with 
5.0 x 10-5 torr argon gas.  Figure 4-5 shows the fragmentation efficiency from these 
various pressures of helium combined with 5.0 x 10-5 torr of argon.  As expected, the 
amount of fragmentation increases as the helium pressure decreases.  The least 
amount of fragmentation was observed when 1 x 10-3 torr of helium was used with 
5.0 x 10-5 torr argon.  Thus, the mixuture of 1 x 10-3 torr helium and 5.0 x 10-5 torr 
argon was used to affect HASTE CID of various peptides.  
 
4.3.2. Results for the argon/helium mixture 
The 2 ms HASTE CID spectra of various peptides using the argon/helium 
mixture as a bath gas were compared to the 2 ms HASTE CID spectra using only 
helium as the bath gas.  For the HASTE CID spectra using the argon/helium mixture 
the abundance of product ions increased when compared to the helium only HASTE 
CID spectra.  Figure 4-6 shows an example of this change for the peptide YGGFL.  
Figure 4-6 (A) is the result of HASTE CID using a 580 mVp-p excitation voltage and 
the argon/helium mixture as the bath gas.  Figure 4-6 (B) is the result of  
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Figure 4-4.  (A) The mass spectrum for the injection of YGGFL using a mixture of 
argon and helium. (B) The protonated YGGFL (m/z 556) ion using a 5 % mixture 
of argon in helium. 
 
(A) 
(B) 
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Figure 4-5.  The percentage of fragment ions in the MS spectrum for YGGFL 
versus 5 % argon and various pressures of helium.  
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HASTE CID using an excitation voltage of 1000 mVp-p with only helium as the 
bath gas.  The product ions b4 (m/z 425), a4 (m/z 397), y3 (m/z 336), y2 (m/z 279), b3 
(m/z 278), b2 (m/z 221) and a2 (m/z 193) appear in both Figure 4-6 (A) and (B).  
Below the CID LMCO, the immonium ions tyrosine (m/z 136) and phenylalanine (m/z 
120) also appear in each spectrum in addition to the y1 (m/z 132) product ion.   
As stated in Chapter 3, the ratio of the a4 to b4 product ions for the peptide 
YGGFL is used as an indication of the parent ions internal energy during ion 
activation.  In Figure 4-6 (A), the ratio of the a4 to b4 product ions is approximately 5, 
while in Figure 4-6 (B) the ratio is 2.4.  The larger ratio implies that more internal 
energy is added to the parent ion using the argon/helium mixture than if helium is 
used alone for ion activation.   
A second indication that more internal energy was added to the parent ion is 
the increase in product ion signal intensities between the mass-to-charge ranges of 
100 – 350.  The excitation voltage used for ion activation with the argon/helium 
mixture was less than the excitation voltage used for ion activation with helium 
alone.  Theoretically, the intensity of product ions will increase in proportion to the 
excitation voltage until the parent ion is ejected at larger voltages.  Yet, in these 
experiments, the lower excitation voltage used for the argon/helium mixture 
generated more intense product ions than the higher excitation voltage used for the 
helium only experiments.  This result is evidence that the addition of argon to the 
bath gas can significantly affect the abundance of product ions by increasing the 
internal energy of the parent ion and supports previously reported static gas results.  
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Figure 4-6.  2 ms HASTE CID of YGGFL using (A) 5.0 x 10-5  argon with 1 x 10-3 
torr helium and an excitation voltage of 580 mVp-p (B) approximately 1 x 10-3 torr 
helium only with an excitation voltage of 1000 mVp-p. 
CID 
LMCO
(B) 
(A) 
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Figure 4-7 includes another example of a peptide that demonstrates an 
increase in product ion abundance..  Figure 4-7 (A) is the result of 2 ms HASTE CID 
for the peptide RPPGFSPF using the argon/helium mixture with an excitation voltage 
of approximately 1600 mVp-p , while Figure 4-7 (B) is the result of 2 ms HASTE CID 
using only helium with approximately 1900 mVp-p for the excitation voltage.  The 
spectra in Figure 4-7 (A) shows an immonium ion appearing below the CID LMCO 
for phenylalanine at m/z 120 and a proline immonium ion, or a fragment of an 
arginine immonium ion, at m/z 70.  All of the expected immonium ions for 
RPPGFSPF should appear between the mass-to-charge ranges of 50 to 126.  No 
immonium ions occur in the spectra shown in Figure 4-7 (B) when the bath gas is 
exclusively helium.  This particular peptide is typically very difficult to dissociate 
using conventional CID or HASTE CID.  However, the use of the heavy bath gas 
increased the abundance of product ions between the mass-to-charge range of 150 
to 750.   
While the lower excitation voltage used for the argon/helium mixture did result 
in more product ions formed during HASTE CID, it did not result in a greater 
abundance of the parent ion being dissociated.  This difference in parent ion 
abundance can be attributed to the excitation voltages applied during ion activation.  
When the lower excitation voltage was applied during the HASTE CID experiments 
that used argon/helium as the bath gas, fewer parent ions reached their critical 
energy for dissociation.  Yet, as expected, because more product ions do appear 
when the argon/helium mixture is used, the Ecom resulting from the argon/helium 
mixture can be said to be greater than the Ecom resulting from helium only.  
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Figure 4-7.  2 ms HASTE CID of RPPGFSPF using (A) 5.0 x 10-5 argon with 1 x 
10-3 torr helium.  The excitation voltage was 580 mVp-p. 
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Additionally, for all of the peptides studied using the argon/helium mixture, the 
excitation voltage required to activate the parent ions was lower than that used 
during the helium only HASTE CID experiments in Chapter 3.   
To assess the extent of dissociation for each peptide using either the 
argon/helium mixture or the helium only, the fragmentation efficiencies were 
calculated.  Table 4-1 shows the fragmentation efficiency (Equation 3-1) for the 2 ms 
HASTE CID experiments using helium only and the argon/helium mixture.  The 
fragmentation efficiency for the peptide YGGFL decreases when the argon/helium 
mixture is used.  However, three of the other four peptides did show improvement to 
their fragmentation efficiencies when the argon/helium mixture was used.  The 
peptide ALILTLVS showed a small decrease for its fragmentation efficiency when 
the argon/helium mixture was compared to helium.  For the two peptides that 
contained the basic residues, SIGSLAK and RPPGFSPF, the fragmentation 
efficiency increased.   
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The calculation for the collection efficiency can be used to assess the loss of 
ions due to scattering.  Table 4-2 shows the collection efficiency for the 2 ms HASTE 
CID experiments using the helium only and the argon/helium mixture.  The table 
reveals that the collection efficiencies for four of the five peptides examined are 
lower for the argon/helium mixture when compared to the helium only experiments.  
Lower collection efficiencies suggest that both the parent ion and product ions were  
ejected at some time between isolation of the parent ion and mass analysis.   
Table 4-2 
Peptide 
Helium Only 
Collection 
Efficiency 
Argon/Helium Mix 
Collection 
Efficiency 
YGGFL 60% 35% 
SIGSLAK 53% 37% 
ALILTLVS 71% 42% 
RPPGFSPF 49% 17% 
LLFGYPVYV 46% 69% 
Table 4-1 
Peptide 
Helium Only 
Fragmentation 
Efficiency 
Argon/Helium Mix 
Fragmentation 
Efficiency 
YGGFL 99% 75% 
SIGSLAK 72% 82% 
ALILTLVS 97% 95% 
RPPGFSPF 60% 85% 
LLFGYPVYV 74% 79% 
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During HASTE CID, the one critical moment during which ions could possibly 
be lost is the “drop” of the rf trapping voltage between ion activation and ion 
dissociation (see figure 3-1).  The drop of the rf trapping voltage occurs in less than 
40 µs and results in a significant change in the secular frequencies of the trapped 
ions.  This change in the ion’s secular frequencies combined with the presence of 
the heavy bath gas argon may have been enough to decrease the total abundance 
of the ions trapped in the mass analyzer, thereby decreasing the collection 
efficiency.   
Table 4-3 shows the results of the MS/MS efficiency for the 2 ms HASTE CID 
experiments using both the helium only and argon/helium mixture.  As explained in 
Chapter 3, the MS/MS efficiency is the product of the fragmentation efficiency and 
the collection efficiency and for this reason, is greatly influenced by the results of 
either calculation.  Indeed, the results shown for the collection efficiency are similar 
to the results for the MS/MS efficiency in that four of the five peptides show a 
significant decrease in MS/MS efficiency.  The explanation for these results is the 
Table 4-3 
Peptide 
Helium Only 
MS/MS 
Efficiency 
Argon/Helium Mix 
MS/MS 
Efficiency 
YGGFL 59% 27% 
SIGSLAK 38% 30% 
ALILTLVS 68% 40% 
RPPGFSPF 29% 14% 
LLFGYPVYV 34% 55% 
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same as that of the collection efficiency; parent ions were ejected due to scattering 
caused by the heavier bath gas during the change in rf trapping voltage between the 
CID LMCO and the LMCO for dissociation.  
 
4.4. Conclusions for HASTE CID using a heavy bath gas 
For the peptides studied, the use of the argon/helium mixture did produce in 
some instances, HASTE CID spectra with product ions different from HASTE CID 
using only helium.  Additionally, the abundance of product ions increased when 
HASTE CID was used with the argon/helium mixture.  This increase in product ion 
abundance is evidence that more internal energy was transferred to the parent ion 
during activation using the argon/helium mixture as opposed to using helium only.  
The fragmentation efficiencies did change for three of the five peptides studied, and 
for one of the four peptides the collection efficiency improved when the argon/helium 
mixture was used.  As expected, the use of the argon/helium mixture decreased the 
need for the larger excitation voltages used for the previous helium experiments.  
This result was expected because Ecom is increased as a result of the argon’s atomic 
weight (Equation 4-1).  Lastly, there was a significant decrease in the collection 
efficiency when HASTE CID was performed using the argon/helium mixture.  As 
suggested, this decrease is due to the affects of the heavy gas during the drop in rf 
voltage between ion activation and dissociation.  A longer drop ramp could be used 
to exam this theory, but would also decrease the potential of trapping ion below the 
CID LMCO.  
   
CHAPTER 5 
ITERATIVE ACCUMULATION MULTIPLEXING WITH THERMALLY ASSISTED 
COLLISION INDUCED DISSOCIATION 
 
5.1 Introduction 
For bottom-up proteomics, the arduous task of peptide sequencing is reduced 
by combining high performance liquid chromatography (HPLC) with electrospray 
ionization (ESI) mass spectrometry.(5, 13, 71)  The application of HPLC affords an 
added dimension of separation to the analysis of peptides, and reduces the 
deleterious effects of ion suppression that are caused by a high concentration of 
analytes entering the mass analyzer.  The integration of HPLC and mass 
spectrometry was eased through the invention of ESI.(72, 73)  However, the increased 
demand to sequence peptides accurately and quickly has strengthened the need for 
greater throughput from both HPLC and mass spectrometry.(74)   
Current methods to improve HPLC have focused on multi-dimensional 
separations where orthogonal chromatographic techniques are applied to complex 
enzymatic digests prior to mass analysis.(75, 76)  These methods have been shown to 
improve the resolving power of HPLC thereby decreasing the suppression of ion 
signal during mass analysis.  Unfortunately, these methods frequently have the   
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limiting result of increasing the time required for a single chromatographic separation 
Mass spectrometry is generally thought to be much less time consuming than HPLC 
when only a single dimension of mass analysis is required.  However, mass 
spectrometry will also suffer from the deleterious effects of increased analysis time 
when tandem mass spectrometry (MS/MS) or multiple stages of mass spectrometry 
(MSn) are implemented.  MS/MS is the essential step in sequencing peptides for 
bottom-up proteomics.  The process of MS/MS requires isolation of a parent prior to 
its activation.  Isolation of the parent ion is necessary for the genealogy of the parent 
ion to be preserved.  Without knowledge of a product ion’s parent ion, interpretation 
of a MS/MS spectrum is a laborious and near impossible task.   
In addition to the time required to isolate a parent ion for MS/MS, HPLC also 
places a time limitation on mass spectrometry.  Co-elution of peptides from the 
chromatographic column is a common occurrence and therefore requires time to 
isolate each parent ion for MS/MS analysis.  The daunting task of quickly isolating 
parent ions for MS/MS analysis has been diminished through improved software 
control.  In one example of improvements to software, a user need only specify a 
number of peaks, and when peptides co-elute, the software picks the most abundant 
peaks for MS/MS analysis.(53, 77)  However, improvements to software are not 
exclusive of the time required for isolation of each parent ion prior to their activation.  
Some researchers have focused on slowing the elution of peptides from the 
chromatographic column.  One such example, known as “peak parking”, slows the 
chromatographic solvent flow when multiple peptide ions co-elute into the mass 
spectrometer.(78, 79)  Consequently, peptides that co-elute enter the mass analyzer 
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over a longer time period, and the mass analyzer has more time to select parent 
ions for MS/MS analysis.  The method of peak parking has been used successfully 
to increase the identification of proteins.  However, peak parking also increases the 
analysis time for a single chromatographic run and causes peak broadening on the 
chromatographic column resulting in decreased peak capacity. 
Another method that has been used with some success to increase the 
number of peptide ions for MS/MS analysis is multiplexing.  Multiplexing involves the 
accumulation of ions and therefore can only be performed using ion trap mass 
spectrometers.  Most of the current multiplexing methods involve the Fourier 
Transform Ion Cyclotron Resonance (FT-ICR) mass analyzer.(80, 81)  However, two 
methods, discussed in detail below, have been implemented in the quadrupole ion 
trap mass spectrometer.(37, 82)  These current multiplexing methods involve three 
steps: encoding of multiple parent ions, simultaneous dissociation of the parent ions 
and decoding of the resulting MS/MS spectra.  Without decoding the encoded 
MS/MS spectrum, it is impossible to assign the correct product ions to their parent 
ions.  
An inherent problem to all multiplexing is the simultaneous dissociation of 
multiple parent ions.  Both of the current multiplexing methods for the quadrupole ion 
trap have been implemented using CID as the method of dissociation.  The problem 
of simultaneous dissociation is therefore compounded with the limited range of qz 
values for the quadrupole ion trap.  However, a new technique, termed thermally 
assisted (TA) CID, has been shown to be effective for a more broad range of qz 
values.  The research reported in this Chapter focuses on combining one method of 
 98
multiplexing termed iterative accumulation multiplexing (IAM) with TA-CID in an 
effort to improve the range of qz values that can be used for the dissociation of 
multiple parent ions.  Each of the steps for multiplexing: encoding, dissociation and 
decoding, is described in more detail in the following sections, 5.1.1, 5.1.2 and 5.1.3 
respectively.   
 
5.1.1 Encoding for multiplexing 
For multiplexing, parent ion encoding is a necessity for product ions to be 
assigned to their appropriate parent ion.  Both of the current encoding 
methodologies utilize various parent ion abundances in the quadrupole ion trap.  
One method makes use of the mass bias associated with ion injection into the mass 
analyzer.  Each ion of specific mass-to-charge ratio will have a beta value (Chapter 
1) associated with it.  This beta value is determined by the rf trapping voltage and dc 
voltage applied to the mass analyzer.  Previous research has shown that changes in 
an ion’s beta value can affect its abundance in the mass analyzer.(83)  Thus, by 
varying the rf trapping voltage during ion injection, the abundance of ions can be 
varied.   
The second method currently used to encode parent ion abundances is 
IAM.(37)  Encoding for IAM is accomplished by varying the parent ion’s injection time 
into the mass analyzer.  By varying the time for injection for all ions and selectively 
ejecting unwanted ions, the abundance of specific parent ions in the ion trap is 
controlled.  When this process is repeated for several different ions prior to mass 
analysis, the result is the controlled accumulation off multiple parent ions in the ion 
trap.  As an example, consider a mixture of ions A, B, C, D, etc., injected into the ion 
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trap for 80 ms (Figure 5-1).  All ions except for ion A are then ejected from the trap 
so that ion A is isolated in the trap.  Ion A is not ejected for mass analysis; instead, it 
is held for a second iteration.  During the second iteration, ions A, B, C, D, etc., are 
again injected into the trap for a total of 40 ms.  However, for this iteration all ions 
except for ions A and B are ejected.  Again, ions A and B are not dissociated or 
ejected for mass analysis.  For a third iteration, ions A, B, C, D, etc., are injected for 
40 ms and all ions except for ions A, B, and C are ejected.  Finally ions A, B, and C 
are simultaneously dissociated and their product ions mass analyzed to produce an 
encoded MS/MS spectrum.   
The abundance of each ion (A, B, and C) is dependent upon the total time 
each ion is injected into the mass analyzer.  For this example because ion A was 
held during all iterations, its abundance is the result of 160 ms of injection time; the 
sum of all iteration injection times.  The abundance for ion B will depend upon 80 ms 
of injection time, while the abundance for ion C will depend upon 40 ms of injection 
time.  The result is a spectrum encoded according to each ions injection time. 
A second nonencoded spectrum is generated by injecting ions A, B, C, D etc., 
for any given time (e.g. 40 ms) and then ejecting all ions except for A, B and C.  Ions 
A, B, and C are then dissociated and mass analyzed in the same manner as the ions 
for the encoded spectrum.  However, the abundance for all product ions in the 
nonencoded spectrum will depend on a single injection time (e.g. 160 ms).  Both 
spectra (encoded and nonencoded) are necessary to decode the multiplexed 
product ions.  
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Figure 5-1.  Timing diagram to encode three parent ions for iterative accumulation 
multiplexing.  The accumulation time for parent ion A is 160 ms, parent ion B is 80 
ms and parent ion C is 40 ms. Isolation is accomplished through the use of the 
SWIFT waveform algorithm.  
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The Stored Waveform Inverse Fourier Transform (SWIFT) algorithm is 
required to isolate parent ions using either method of encoding in the quadrupole ion 
trap mass spectrometer.  SWIFT allows the user to create a single waveform that 
has multiple frequencies.  Each ion trapped in a rf mass analyzer will have a secular 
frequency associated with its beta value (Chapter 1).  Thus, once the ions are 
injected into the mass analyzer, a SWIFT waveform matching the secular frequency 
of unwanted ions is applied to the mass analyzer to isolate parent ions of interest.  
Increasing the amplitude of the SWIFT waveform will increase the trajectory of the 
ions with matching secular frequencies, resulting in their ejection from the mass 
analyzer.  In the sections that follow, SWIFT is also used to dissociate multiple 
parent ions simultaneously.   
 
5.1.2 Ion activation for multiplexing 
Ion activation for multiplexing requires a method that can efficiently dissociate 
multiple parent ions and produce reproducible MS/MS spectra.  Experiments using 
either of the two previously described encoding methods with CID have been 
successful.  However, the parent ions were limited to a specific qz range to achieve 
efficient dissociation.  CID is typically effected using qz values between 0.20 and 
0.30.  Unfortunately, because of their various mass-to-charge ratios, many parent 
ions will have qz values different enough to lie outside of this range.  To increase the 
efficiency of CID, and extend the range of qz values that can be used for CID, 
thermally assisted (TA) CID can be performed.   
During TA-CID, the bath gas and ion trap electrodes are heated to 
temperatures above ambient temperature.  Dissociation using TA-CID is still the 
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result of an increase in the parent ion’s internal energy through multiple collisions 
with the bath gas.  However, because of the elevated temperature, the internal 
energy of the parent ion is increased, and fewer collisions with the bath gas are 
necessary for the ion to reach it’s critical energy.  Previous research conducted 
using TA-CID has shown that parent ions can be efficiently activated below the 
typical qz value of 0.1.  In addition, the previous research showed that more 
dissociation pathways were available for product ion formation when TA-CID was 
used versus ambient temperature CID.  
 
5.1.3 Decoding the multiplexed MS/MS spectra 
Once the parent ions have been dissociated, their product ions are mass 
analyzed to produce the MS/MS spectra.  The decoding method requires two 
different MS/MS spectra (an encoded spectrum and a nonencoded spectrum) and 
the creation of a ratiogram.  A ratiogram has the mass-to-charge ratio of ions on the 
abscissa and their ratio on the ordinate axis.  Encoded product ions are assigned to 
their respective parent ions based on their ratio in the ratiogram.  A ratiogram will 
have product ions that have ratios indicative of the time for which their parents were 
injected.  To decode the MS/MS spectra and produce a ratiogram, a program was 
written in a programming language called LabVIEW®.  The program allows a user to 
set a threshold to reduce the effects of baseline noise that will suppress the signal of 
other product ions in the resulting ratiogram.  The program zeros the abundance of 
any product ions appearing below the threshold.  After setting the threshold, the 
abundances of product ions in the encoded MS/MS spectrum are divided by the 
abundances of product ions in the nonencoded MS/MS spectrum.  Once the 
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ratiogram is created, the abundance of product ions between a selected ratio (for 
example 0.5 to 1) are averaged.  This average is then used to normalize the ratios of 
all product ions in the ratiogram.  If undissociated parent ions are left in the 
ratiogram, their abundances are not averaged to determine the value used for 
normalization.   
Assignments of the product ions in the ratiogram are based on the injection 
time of the parent ions in the encoded mass spectrum.  From the previous example 
(Figure 5-1), if ion A has a total injection time of 160 ms in the encoded and an 
injection time of 40 in the nonencoded spectra, then division of the encoded 
spectrum by the nonencoded spectrum will result in a ratio of 4.  Therefore, product 
ions in the ratiogram with a ratio close to 4 are assigned to parent ion A.  Ion B in the 
previous example was injected for 80 ms in the encoded spectrum and 40 ms in the 
nonencoded spectrum.  Product ions assigned to B will therefore have a ratio of 2 in 
the ratiogram.  Lastly, parent ion C was injected for a total of 40 ms in the encoded 
spectrum and 40 ms in the nonencoded spectrum.  The ratio for product ions 
assigned to parent ion C is 1.  Because of small fluctuations in the signal for ion 
abundance, the ratio of product ions may deviate slightly from the ratio predicted 
from the encoding.  The small changes can be observed in the ratiogram and are 
discussed in more detail below (Section 5.3.1).   
 
5.2 Results  
5.2.1 Electrospray signal fluctuations 
Decoding the MS/MS spectra for multiplexing requires that the abundance of 
product ions be reproducible for any given injection time.  However, the process of 
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ESI is known to have signal fluctuations resulting from the desolvation process of the 
droplets formed during ionization.(84)  To determine the effect of signal fluctuations 
on ion abundance, the peptide YGGFL was dissociated using a 300 mVp-p excitation 
voltage and the ion current from selected product ions was monitored over time 
(Figure 5-2).  The total ion current (TIC), which is the sum of the abundances for all 
ions in a mass spectrum, is also shown in Figure 5-2.  Each point in the figure 
represents the average of seven spectra, with error bars corresponding to a 95% 
confidence interval.  The calculated standard deviation for the observed product ion 
currents is ±5% and can only be used for a single mass spectrum (encoded or 
nonencoded).   
 
5.2.2 Space charge experiments 
Ion trap mass spectrometers are capable of accumulating the iona for long 
periods of time prior to mass analysis.  However, because the trapping region of the 
mass analyzer is finite, it has a finite capacity that can be filled by the accumulation 
of ions.  Once the ion trap has been filled to capacity, the electrostatic interactions of 
ions will begin to push ions out of the trapping region.  This process is called space 
charging and will result in a change in the abundance of ions that can be held in the 
trapping region.  Because multiplexing is dependent upon ion abundance, 
experiments were conducted to evaluate the limits of space charge on ion 
abundance.  Figure 5-3 shows the selected ion chronogram (SIC) for the peptides 
YGGFL (m/z 556), FLLVPLG (m/z 759) and LLFGYPVYV (m/z 1071) at various 
injection times between 0 and 200 ms.  For this example, the graph has a linear 
relationship with R2 values between 0.968 and 0.997. 
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Figure 5-2.  Selected ion chronograms are shown for product ions from the 
dissociation of the peptide YGGFL.  Error bars represent a confidence interval of 
95%.  
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One aspect worth mentioning when considering the change in ion abundance 
from space charge is the initial concentration of peptides in solution.  Figure 5-4 
shows the abundance for the peptides acetyl-RDGS (m/z 476), YGGFL and 
FLLVPLG versus their injection time into the mass spectrometer.  Because it is 
affected by the larger concentration of FLLVPLG, the peptide actyl-RGDS does not 
show a linear relationship as the injection time is increased.  If the initial sample has 
a high concentration, the limits of space charge will be reached after short injection 
times.  Therefore, to decrease these space charging effects, it is necessary to 
decrease the injection time for samples with very high concentrations.  For the 
example shown in Figure 5-4, it would be necessary to use injection times in the 
more linear regions of the graph (e.g. less than 50 ms).  The results from these 
space charge experiments show that the IAM method can be used to preferentially 
select parent ions so that space charging does not occur.  This is in contrast to the 
previously described mass bias method of encoding (Section 5.1.1) where encoding 
was accomplished by varying the start mass for ion injection.  
 
5.2.3 TA-CID with IAM 
Figure 5-5 shows the nonencoded and encoded MS spectra for the peptides 
YGGFL (m/z 556), FLLVPLG (m/z 758) and LLFGYPVYV (m/z 1071) using IAM.  
The mass-to-charge ratio and the abundance of the ions is shown in parenthesis 
above each peak.  The three peptides were encoded so that the resulting 
normalized ratiogram should have ratios of 1.0 for LLFGYPVYV, 0.5 for FLLVPLG 
and 0.25 for YGGFL.  A baseline of 10 (shown as a dotted red line in the figure) was 
set prior to decoding so that the abundance of any peak appearing in the spectrum 
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with an abundance below 10 percent was set to zero.  As explained in Section 5.2.3, 
the encoded spectrum abundances are then divided by the nonencoded spectrum 
abundances.  Figure 5-6 (A) shows the MS ratiogram for the three peptides.  The 
peptide LLFGYPVYV had the longest injection time; therefore, its ratio of 2.3 is the 
highest in the ratiogram.  The peptide FLLVPLG was injected for the second longest 
time and has the second highest ratio (1.2).  Finally, the peptide YGGFL was 
injected for the shortest time and has a ratio of 0.64 in the ratiogram.  
Each ratio is then normalized to the most abundant ratio, which for this 
experiment is 2.3.  Figure 5-6 (B) shows the normalized ratiogram values and the 
theoretical ratiogram values for the three peptides.  The percent error associated 
with FLLVPLG is 6% and for YGGFL, 14%.  As demonstrated in the previous ESI 
experiments (Section 5.3.1), small fluctuations in ESI responsiveness can account 
for the observed deviations from theoretical ratios shown in Figure 5-6 (B).  
Knowledge of the ratios for each of the encoded parent ions is not necessary to 
decode the ratiogram, and is only shown here to demonstrate the encoding method 
used for the three peptides.  The MS/MS ratiograms using IAM with CID or TA-CID 
for the three peptides YGGFL, FLLVPLG and LLFGYPVYV are shown in Figure 5-7.  
Product ions that were assigned to YGGFL are shown in red, product ions assigned 
to FLLVPLG are shown in black and product ions assigned to LLFGYPVYV are 
shown in blue.  Figure 5-7 (A) is the result of IAM using CID at ambient temperature, 
while Figure 5-7 (B) and (C) use TA-CID at 110 oC and 160 oC.   
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Figure 5-3.  The abundance for the peptides YGGFL (m/z 556), FLLVPLG (m/z 
759) and LLFGYPVYV (m/z 1071) versus their injection time into the mass 
spectrometer.     
Injection Time (ms) 
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Figure 5-4.  The abundance for the peptides acetyl-RDGS (m/z 476), YGGFL (m/z 
556) and FLLVPLG (m/z 759) versus their injection time into the mass 
spectrometer.     
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The ambient temperature ratiogram shows a peak that is incorrectly assigned to 
FLLVPLG because its mass-to-charge ratio is too high to be from FLLVPLG 
parent ion (m/z 759).  This ion is not a product ion, but is the isotopic peak from 
the LLFGYPVYV parent ion.  In addition, the LLFGYPVPY appears to not have 
dissociated at all in the ambient temperature ratiogram.  For these experiments, 
the rf trapping voltage was set to achieve a LMCO of m/z 183.  This LMCO set 
the qz value for YGGFL to 0.30, the qz value for FLLVPLG to 0.22 and the qz 
value for LLFGYPVYV to 0.16.  The LLFGYPVYV parent ion was, therefore, 
outside of the typical 0.20 to 0.30 qz value range for efficient dissociation at 
ambient temperatures.   
Table 5-1 shows the number of ions that were assigned to each parent ion 
based on the ambient temperature ratiogram in Figure 5-7 (A).  Only four product  
Table 5-1 
Peptide 
Peaks assigned to ion 
from ratiogram 
ambient temperature 
Peaks that can be 
identified for peptide (±1 
Da) 
YGGFL 10 4 
FLLVPLG 1 0 
LLFGYPVYV 1 0 
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Figure 5-5.  The normalized spectra for (A) nonencoded, and (B) encoded 
peptides YGGFL (m/z 556), FLLVPLG (m/z 758) and LLFGYPVYV (m/z 1071) 
MS.  The dotted horizontal line is the threshold for decoding.  All abundances 
below the threshold were set to zero prior to creating the ratiogram. 
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Figure 5-6.  (A) The ratiogram created from decoding the MS spectra for the 
peptides YGGFL (m/z 556), FLLVPLG (m/z 758) and LLFGYPVYV (m/z 1071).  
(B) The normalized ratiogram with actual and theoretical values.  
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Figure 5-7.  The MS/MS ratiogram for peptides YGGFL (m/z 556), FLLVPLG (m/z 
758) and LLFGYPVYV (m/z 1071) using (A) ambient temperature (B) 110 oC and 
(C) 160 oC.  Product ions assigned to YGGFL are shown as black lines, product 
ions assigned to FLLVPLG are shown as red lines and product ions assigned to 
LLFGYPVYV  are shown as blue lines.  
(A) 
(B) 
(C) 
 114
ions could identified as belonging to the parent ion YGGFL based on the 
ratiogram.  However, these product ions were assigned with knowledge of each 
parent ions sequence and do not exclude that the other 6 product ions are not 
from their assigned parent ion.   
Table 5-2 shows the number of product ions assigned to their parent ions 
based on the 110 oC ratiogram in Figure 5-7 (B).  The table reveals that the 
number of product ions assigned to each parent ion has increased when the   
110 oC ratiogram is compared to the ambient temperature ratiogram.  This result 
is expected because at the elevated temperature more dissociation pathways are 
available for each parent ion.  Both of the larger mass-to-charge parent ions, 
FLLVPLG and LLFGYPVYV, showed more dissociation using the elevated 
temperature.  Thus, more product ions were formed, making it more possible to 
obtain structural information.  All six product ions associated with the 
LLFGYPVYV peptide were correctly identified as belonging to LLFGYPVYV.   
Table 5-3 shows the results of IAM TA-CID for the three peptides using 
the 160 oC ratiogram.  For the peptide YGGFL, the number of product ions 
associated with its ratio decreased from 13 to 12 when the 110 oC results are  
Table 5-2 
Peptide 
Peaks assigned to ion 
from ratiogram 
110o C 
Peaks that can be 
identified for peptide (±1 
Da) 
YGGFL 13 8 
FLLVPLG 7 6 
LLFGYPVYV 6 6 
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compared to the 160 oC results.  This decrease is possibly due to the threshold 
set during the creation of the ratiogram.  Because YGGFL is the parent ion 
injected for the shortest time, its product ions will also have the lowest 
abundances in the encoded MS/MS spectrum.  Therefore, setting a threshold 
that is too high for these product ions will cause them to be set to zero 
abundance and not identified in the ratiogram.  For these results, the decrease in 
the number of possible product ions for YGGFL did not decrease the number of 
correctly identified product ions for YGGFL.  Both the peptides FLLVPLG and 
LLFGYPVYV also showed an increased number of identified product ions when 
the 160 oC TA-CID was combined with IAM.   
Ultimately, the goal of multiplexing is to increase the number of parent 
ions that can be simultaneously dissociated during a single activation.  A six 
peptide sample was used with IAM TA-CID and the results are shown in Figure 
5-8.  The red horizontal lines show the ratios for the assignment of product ions 
to their respective parent ions.  This example illustrates the difficulty in assigning 
product ions to their correct parent ion when the number of parent ions is 
Table 5-3 
Peptide 
Peaks assigned to ion 
from ratiogram 
160oC 
Peaks that can be 
identified for peptide (±1 
Da) 
YGGFL 12 8 
FLLVPLG 10 7 
LLFGYPVYV 13 13 
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increased.  As the number of parent ions increases, the ratios for assignment 
become smaller, therefore the distinction between product ion ratios decreases.   
 
5.3 Conclusions 
The goal of multiplexing is to increase the number of parent ions that can 
be simultaneously dissociated and to improve structural elucidation.  TA-CID has 
been shown to allow parent ions with qz values lower than the typical qz value of 
0.2 to be efficiently dissociated.  Consequently, when IAM was combined with 
TA-CID, the greatest number of product ions that could be correctly assigned to 
their parent ion from a ratiogram was at the highest temperature (160 oC) used 
for these experiments.  For bottom-up proteomics, a greater number of product 
ions will ultimately lead to accurately identifying the sequence of a peptide.  
Therefore, IAM combined with TA-CID is more beneficial to structural elucidation 
than IAM with CID at ambient temperatures.   
Another consideration for combining IAM with TA-CID or CID at ambient 
temperatures is that the CID LMCO will increase if the range of parent ions is too 
broad.  Product ions that have a mass-to-charge ratio less than the CID LMCO 
will not be mass analyzed.  Other methods of ion activation may be used to 
circumvent this issue.  One such example is infrared multi-photon photo 
dissociation (IRMPD).  IRMPD is independent of the parent ion’s qz value and 
can have a LMCO less than the CID LMCO.  In the following chapter, IRMPD 
and TA-IRMPD are combined with IAM with the purpose of circumventing the 
issue of the LMCO. 
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Figure 5-6.  A ratiogram for six peptide ions.  The red lines indicate the expected 
ratios for the product ions.    
CHAPTER 6 
ITERATIVE ACCUMULATION MULTIPLEXING WITH  
INFRARED MULTI-PHOTON PHOTO DISSOCIATION 
 
6.1 Introduction 
In Chapter 5, iterative accumulation multiplexing (IAM) was successfully 
combined with thermally assisted (TA) collision induced dissociation (CID).  Using 
TA-CID, the number of product ions correctly assigned to their parent ions from an 
IAM ratiogram was shown to increase.  Furthermore, parent ions that were below the 
typical qz value of 0.2 were efficiently dissociated using TA-CID (See section 5.2.3).  
One problem that is inherent to all applications of CID is the low mass cut off 
(LMCO) imposed during ion activation by the rf trapping voltage.  Product ions that 
are formed during ion activation with a mass-to-charge ratio below the CID LMCO 
are not trapped for mass analysis.  Because these product ions are not mass 
analyzed, structural information that could help to correctly identify the parent ion is 
lost.  To observe product ions in an IAM ratiogram that might be lost during CID, 
infrared multi-photon photo dissociation (IRMPD) can be used.(85-91)   
Dissociation from IRMPD occurs because the parent ion’s internal energy is 
increased through the absorption of multiple photons.  Because photons are used for 
ion activation, dissociation using IRMPD is independent of the parent ion’s qz value.  
Thus, the rf trapping voltage applied to the ion trap during IRMPD can be set to 
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a lower LMCO than for CID.  By combining IAM with IRMPD, product ions that were 
not observed in the IAM ratiogram for CID (or TA-CID) may be observed.  
Additionally, the complicated waveforms that were necessary to affect TA-CID in the 
previous experiments (Chapter 5) are not necessary for IRMPD.  However, IRMPD 
is not without limitations when performed in rf trapping mass analyzers.   
The bath gas used in the quadrupole ion trap mass spectrometer is 
necessary to kinetically cool ions, improve sensitivity and mass resolution, as well as 
to serve as the collision gas source for ion activation during CID.  During IRMPD, if 
the pressure of the bath gas is too high, the rate of collisional cooling can be greater 
than the rate of ion activation.  As described in Chapter 3, dissociation of an ion is 
always preceded by ion activation.  For an ion to dissociate, its rate of ion activation 
must be greater than its rate of collisional cooling. Reducing the bath gas pressure 
has been shown to decrease the rate of collisional cooling during IRMPD.  
Unfortunately, a reduction in bath gas pressure is frequently accompanied by a 
reduction in sensitivity.   
Further studies have shown that the rate of parent ion collisional cooling 
during IRMPD is decreased if the mass spectrometer is heated to temperatures 
above ambient temperature (i.e. thermally assisted, TA).(57, 90, 92, 93)  TA-IRMPD is 
similar to TA-CID (Chapter 5) in that the bath gas is heated to temperatures above 
ambient temperature.  TA-IRMPD has two benefits over ambient temperature 
IRMPD.  First, because the bath gas is heated, a collision between an activated 
parent ion and the bath gas atom will use less internal energy than if the parent ion 
collided with a cooler bath gas atom.  The result is a slower rate of collisional 
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cooling.  A second benefit of TA-IRMPD over ambient temperature IRMPD is that 
the initial internal energy of the parent ion is greater because of the ions elevated 
temperature.  In the quadrupole ion trap, the parent ions assume the temperature of 
the bath gas.  When an ion has been heated, its vibrational and rotational energies 
are increased, thus increasing its overall internal energy.  Fewer photons are 
required to bring a warmer parent ion to its critical energy for dissociation.  As a 
result of the decreased collisional cooling and the increased initial internal energy for 
the parent ion, the bath gas pressure can be increased to normal operating 
pressures for the quadrupole ion trap.  Increasing the bath gas pressure increase 
the sensitivity of the mass spectrometer.   
In this chapter, the IAM encoding method is combined with IRMPD and TA-
IRMPD, and the results are compared to IAM using TA-CID.  Three peptides YGGFL 
(m/z 556), FLLVPLG (m/z 759) and RPPGFSPF (des-Arg9 Braykinin m/z 906), were 
chosen for the experiments herein.  The sequence of events for IAM combined with 
IRMPD, or TA-IRMPD, are similar to those shown in Figure 5-1 for IAM combined 
with TA-CID, with the only difference being the method of ion activation.  Because 
IRMPD and TA-IRMPD are used, the rf trapping voltage applied to the mass 
analyzer during ion activation is much lower than that of the IAM TA-CID 
experiments.  Therefore, product ions that were not observed because of the CID 
LMCO may be observed when IRMPD and TA-IRMPD are used.   
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6.2 Results 
6.2.1 IAM with TA-CID 
Three peptides, YGGFL, FLLVPLG and RPPGFSPF were used for the 
experiments conducted herein.  Due to the basic arginine residue (pKa = 12.5) 
located at the N terminus of RPPGFSPF, the excitation voltage necessary to 
achieve dissociation for this peptide is greater than peptides of similar mass-to-
charge ratio.  Dissociation of protonated peptides is thought to be the result of 
charge directed interactions between a proton and the site of cleavage along the 
peptide chain.  When an amino acid has a side-chain that is very basic, the proton’s 
mobility will be restricted to that amino acid, consequently decreasing the amount of 
dissociation.  During ion activation, additional internal energy is required to move the 
proton from the basic residue to positions along the peptide backbone.  TA-CID as 
discussed in the previous chapter is known to increase the initial internal energy of 
the parent ion, thereby facilitating dissociation.  For this reason, the initial 
experiments for the YGGFL, FLLVPLG and RPPGFSPF mixture utilized TA-CID with 
IAM.   
Figure 6-1 shows the MS/MS spectra from (A) the nonencoded IAM TA-CID 
experiment, (B) the encoded IAM TA-CID experiment and (C) is the ratiogram after 
decoding the encoded spectrum.  A large excitation voltage, 4.5 Vp-p, was necessary 
to dissociate the RPPGFSPF parent ion.  The first significant result shown in Figure 
6-1 (A), (B), and (C) is that no product ions appear below m/z 180 in any of the 
spectra.  For these experiments, the rf trapping voltage was set to achieve qz values 
of 0.29 for YGGFL, 0.22 for FLLVPLG and 0.18 for RPPGFSPF.  As a.   
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Figure 6-1.  The MS/MS spectra from (A) the nonencoded IAM TA-CID experiment and 
(B) the encoded IAM TA-CID experiment.  Panel (C) is the ratiogram after decoding the 
encoded spectrum.  Product ions for YGGFL are shown in black, product ions for 
FLLVPLG are shown in blue and product ions for RPPGFSPF are shown in red.  
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result of the rf trapping voltage, the CID LMCO was set to approximately m/z 180 
and product ions appearing below m/z 180 were not trapped for mass analysis 
The ratiogram, shown in Figure 6-1 (C) depicts the product ions assigned to 
YGGFL as black peaks, the product ions assigned to FLLVPLG as blue peaks and 
the product ions assigned to RPPGFSPF as red peaks.  The parent ions were 
encoded so that in the ratiogram YGGFL would have a ratio of 1.0, FLLVPLG would 
have a ratio of 0.75 and RPPGFSPF would have a ratio of 0.5.  Therefore, in the 
normalized ratiogram, product ions were assigned based on ratios between 100 and 
75 for YGGFL, 75 and 50 for FLLVPLG and 50 and 0 for RPPGFSPF.  
 Table 6-1 shows the number of product ions that were assigned to a specific 
parent ion based on their ratio in the ratiogram.  Product ions were assigned to a 
parent ion if their mass-to-charge ratio was that of a predicted product ion for that 
 
parent ion (i.e. ‘a’, ‘b’, ‘y’ , internal product ions, etc.).  For the peptide YGGFL, all of 
the product ions that were assigned to it from the ratiogram were identified as 
product ions that can come from YGGFL.  For FLLVPLG one-fourth of the peaks 
within its range in the ratiogram were correctly identified as possible product ions, 
while for RPPGFSPF, a little over half of the product ions within its range in the 
ratiogram were correctly assigned.  The number of product ions assigned to the 
YGGFL and FLLVPLG parent ions has decreased when compared to their results in 
Table 6-1 
Peptide Number of product ions from ratiogram 
Known product ions for 
peptide 
YGGFL 3 3 
FLLVPLG 16 4 
RPPGFSPF 33 19 
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Chapter 5.  The reason for the decrease was the increase in excitation voltage that 
was necessary to dissociate the RPPGFSPF.   
 
6.2.2 IAM with IRMPD 
Dissociation resulting from both IRMPD and CID is considered to be an 
ergodic process.  In an ergodic process, as the parent ion’s internal energy is 
increased, the internal energy is statistically distributed throughout the different 
vibrational modes of the parent ion’s structure.(85, 94)  Thus because of the statistical 
distribution, product ions of the same mass-to-charge ratio can be expected to form 
during both CID and IRMPD.  However, the abundance of product ions observed 
would differ based on the internal energy added to the parent ion.  One significant 
difference between CID and IRMPD is that IRMPD is not exclusive to the parent ion 
during ion activation and any product ion that enters the path of the laser will gain 
internal energy and possibly dissociate.   
Figure 6-2 shows the results from IAM using IRMPD with irradiation times 
between 50 and 200 ms at ambient temperature.  The LMCO used during IRMPD 
was m/z 40.  As a result, the qz values for each parent ion were 0.065 for YGGFL, 
0.048 for FLLVPLG and 0.040 for RPPGFSPF.  Product ions with a mass-to-charge 
ratio below the CID LMCO (m/z 180) can be observed in both the encoded spectrum 
(Figure 6-2 (A)) and nonencoded spectrum (Figure 6-2(B)).  These product ions can 
also be found in the ratiogram.   
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Figure 6-2.  The MS/MS spectra from (A) the nonencoded IAM IRMPD experiment and 
(B) the encoded IAM IRMPD experiment.  Panel (C) is the ratiogram after decoding the 
encoded spectrum.  Product ions for YGGFL are shown as black lines, product ions for 
FLLVPLG are shown as blue lines and product ions for RPPGFSPF are shown as red 
lines.  
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For the IAM IRMPD experiments, the parent ions were encoded so that the YGGFL 
ratio was 1.0, the FLLVPLG ratio was 0.5 and the RPPGFSPF ratio was 0.25.  
Therefore, the product ions were assigned to their respective parent ions based the 
ranges of 100 to 50, 50 to 25 and 25 to 0 for YGGFL, FLLVPLG and RPPGFSPF 
respectively.  Table 6-2 shows the number of product ions assigned to each parent 
ion based on their ratio in the normalized ratiogram, Figure 6-2 (C).   
For the peptide YGGFL, the number of peaks within the ratio range is the 
same as the IAM TA-CID experiment, but the number of peaks assigned has 
decreased.  For FLLVPLV and RPPGFSPF, the number of peaks assigned to each 
parent ion is approximately 30% and 50% respectively.  Because product ion 
identification was based on knowing the sequence of the parent ion, the unassigned 
product ions may be from the parent ion, but are not considered common cleavages 
for that particular peptide.  Additionally, because the length of the irradiation time 
was long, many of the product ions could have possibly dissociated which would 
reduce their abundance.  These ions may have had their abundance set to zero 
during the decoding process based o the threshold set (Section 5.1.3).   
The advantage of IRMPD over TA-CID is the lower LMCO for IRMPD versus 
the CID LMCO.  In the ratiogram (Figure 6-2 (C)), a fragment of the arginine 
Table 6-2 
Peptide Product ions in ratio range for the peptide 
Product ions assigned to 
peptide 
YGGFL 3 1 
FLLVPLG 9 3 
RPPGFSPF 91 43 
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immonium product ion (R) is found at m/z 87.  The immonium product ions are 
significant in that they are the individual amino acid product ion.  They are therefore 
used to determine which specific amino acids were present in the parent ion.  As 
expected, the arginine immonium product ion is found in the ratiogram within the 
range for the RPPGFSPF parent ion.  Immonium product ions can also be found at 
m/z 120 for phenylalanine (F) and m/z 136 for tyrosine (Y).  The phenylalanine 
immonium product ion was assigned to FLLVPLG while the tyrosine immonium 
product ion was assigned to YGGFL.  For both the tyrosine and arginine immonium 
ions, the decoding method proves that peaks can be correctly assigned to their 
respective parent ions using IAM.  However, the phenylalanine immonium product 
ion presents a problem that is inherent to any multiplexing method; the problem of 
parent ions that produce product ions that have the same mass-to-charge ratio.  The 
phenylalanine immonium product ion was within the range of FLLVPLG, but could 
easily have been found within the range of YGGFL.  The correct interpretation is that 
the phenylalanine immonium ion is the results from both the FLLVPLG and YGGFL 
parent ions.    
 
6.2.3 IAM with TA-IRMPD 
Figure 6-3 is the result of IAM combined with TA-IRMPD using a 50 ms 
irradiation time at 165 oC. The benefit of TA-IRMPD over ambient temperature 
IRMPD is that the pressure of the bath gas can be increased, consequently 
increasing the sensitivity of the mass spectrometer.  For the previous IAM IRMPD 
experiments, the pressure of the bath gas was 2.81x10-5 torr, but for the IAM TA-
IRMPD experiments, it was increased to 6.31x10-5 torr.  Both of these pressures are 
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still lower than the normal 1.0x10-3 torr that is used to operate the mass 
spectrometer.   
In Figure 6-3, (A) is the nonencoded MS/MS spectrum, (B) is the encoded 
MS/MS spectrum and (C) is the decoded, normalized ratiogram.  In the ratiogram, 
product ions for YGGFL are shown in black, product ions for FLLVPLG are shown in 
blue and product ions for RPPGFSPF are shown in red.  For these experiments, the 
parent ion encoding was the same as the previous IAM IRMPD experiments and the 
range of ratios used to assign product ions to their respective parent ions was the 
same.   
Table 6-3 shows the number of product ions assigned to each parent ion 
based on their ratio in the normalized ratiogram, Figure 6-3 (C).  For each peptide, 
YGGFL, FLLVPLG and RPPGFSPF, the percentage of correctly assigned product 
ions is 50%, 37% and 46% respectively.  Product ions do appear in the ratiogram 
below the CID LMCO (m/z 180).  An immonium product ion for arginine 
 
 is also observed in the ratio range for RPPGFSPF, while a leucine (L) and 
phenylalanine immonium product ion are observed in the ratio range for FLLPLVG.  
A described above, the leucine and phenylalanine may have come from YGGFL, or 
FLLVPLG, but in the ratiogram were assigned to FLLVPLG.   
Table 6-3 
Peptide Product ions in ratio range for the peptide 
Product ions correctly 
assigned to peptide 
YGGFL 2 1 
FLLVPLG 19 7 
RPPGFSPF 68 31 
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Figure 6-3.  The MS/MS spectra from (A) the nonencoded IAM TA-IRMPD experiment 
and (B) the encoded IAM TA-IRMPD experiment.  Panel (C) is the ratiogram after 
decoding the encoded spectrum.  Product ions for YGGFL are shown as black lines, 
product ions for FLLVPLG are shown as blue lines and product ions for RPPGFSPF are 
shown as red lines.  
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6.2.4 The effects of parent ion qz value on IRMPD 
IRMPD differs from CID in that ion activation from IRMPD can be achieved 
independently of the secular frequency for the parent ion.  This statement is usually 
interpreted to mean that the qz value of the parent ion during IRMPD has little effect 
on the resulting MS/MS spectra from IRMPD.  During the IAM IRMPD experiments, 
each multiplexed parent ion will have a different qz value.  Thus, experiments were 
conducted to determine the extent to which various qz values affect the dissociation 
of a parent ion when ion activation is achieved using IRMPD.  
Figure 6-4 shows the relationship between the qz value and the mass-to-
charge ratio of the parent ion based on equation 6-1.  In equation 6-1, the qz (LMCO) 
is the value at which the ions are ejected from the mass analyzer for mass analysis.  
In Figure 6-4, 0.908, which is from the Mathieu stability diagram in Chapter 1, was 
used for the qz (LMCO).  The mLMCO in Equation 6-1 is the LMCO set by the rf 
trapping voltage, and mp is the mass-to-charge ratio of the parent ion.  From Figure 
6-1, if the LMCO for the peptide FLLVPLG is set to 40, 80 or 120, its qz value 
changes to 0.0479, 0.0957 and 0.143 respectively.   
Dissociation of a parent ion using IRMPD is dependent upon the number of 
photons that it absorbs and, because there is collisional cooling, the rates at which 
photons are absorbed.  The number of photons that a parent ion absorbs will 
depend upon the amount of time that the parent ion spends in the path of the laser.  
Ions with higher qz values will have a greater Dehmelt pseudo-potential well depth
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Figure 6-4.  The relationship between qz value and m/z of an ion trapped in a rf 
quadrupole mass spectrometer.    
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 according to (Equation 1-5) and will experience more of the restoring force from the 
trapping field.  Therefore, these ions spend more time at the center of the trap and in 
the path of the laser.  Thus by changing the qz value of the parent ion, the amount of 
time that the ion spends in the path of the laser will change.   
Figure 6-5 shows the results of IRMPD at different qz values for the peptide 
FLLVPLG.  For these experiments, the bath gas pressure was held at 3.33x10-5 torr 
for an irradiation time of 50 ms.  The rf trapping voltage during the irradiation time 
was set to achieve qz values of 0.0239, 0.0598, and 0.120  for (A), (B) and (C) 
respectively.  In Figure 6-5, the absolute abundance of product ions can be seen to 
increase as the qz value is increased.  Figure 6-6 shows the fragmentation efficiency 
(Equation 3-4) for each of the different qz values used for the experiments.  As 
shown in the table, there is a tendency for the fragmentation efficiency to increase 
as the qz value for the parent ion is increased.  However, the largest qz value used 
does show a decrease in fragmentation efficiency.  To achieve the qz value of 0.230 
for the FLLVPLG parent ion, the rf trapping voltage was set to obtain a m/z of 200.  
The possibility exists that because product ions with mass-to-charge ratios below the 
LMCO of 200 were not mass analyzed, their abundance accounts for the decrease 
of 6% shown for the fragmentation efficiency.  Larger qz values will result in an ion 
moving more towards the center of the ion trap where it can absorb more photons.  
Thus, as is shown by these results the qz value of parent ions will make a difference 
during IRMPD. 
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Figure 6-5.  Dissociation using IRMPD for the peptide FLLVPLG at various qz 
values (A) qz = 0.0239, (B) qz = 0.0598 and (C) qz = 0.120.  The irradiation time 
was 50 ms for all spectra.   
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Figure 6-6.  The percent fragmentation efficiency for the IRMPD of the peptide 
FLLVPLG at various qz values.    
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6.3 Conclusions 
IAM combined with IRMPD and TA-IRMPD did allow product ions below the 
CID LMCO to be observed in the ratiogram.  In addition, the RPPGFSPF parent ion, 
which proved difficult to dissociate using TA-CID, did dissociate using IRMPD.  
However, the number of product ions shown in the ratiogram for the peptide YGGFL 
decreased for the IRMPD experiments when compared to the TA-CID experiments.  
This decrease may have been caused by the threshold set during the decoding of 
the encoded MS/MS spectrum.  If the product ions for a peptide are lower than the 
threshold, their abundance will be set to zero and they will not be observed in the 
ratiogram.   
One explanation for the decrease in the number of assigned product ions is 
that product ion assignment was based on knowing the sequence of the parent ions.  
Product ions that were in range for a particular parent ion in the ratiogram were not 
incorrectly associated with that parent ion, but were not commonly observed product 
ions.  Additionally, IRMPD is nonspecific to the parent ions.  Therefore, all ions 
(parent or product) that enter the path of the laser are irradiated and may possibly 
dissociate.  Thus, the product ions would continue to dissociate resulting in lower 
mass-to-charge product ions.  These lower mass-to-charge product ions would have 
a significant abundance in the MS/MS spectra, making them less susceptible to 
being set to zero by the threshold.  However, the abundance of product ions of 
higher mass-to-charge would be decreased due to their constant interaction with the 
laser, thus making them more susceptible to being set to zero by the threshold.  
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A technique called axial expansion is frequently used to move product ions 
away from the path of the laser during IRMPD.(93, 95, 96)  During axial expansion, the 
trajectory of product ions is increased by a Stored Waveform Inverse Fourier 
Transform (SWIFT) waveform.  However, implementation of the SWIFT waveform 
requires the combination of high resolution for the SWIFT waveforms and precise 
control of the amplitude of the waveform.  Because the rf trapping voltage is set to 
achieve a low LMCO during IRMPD, the frequencies of the parent ions are much 
closer.  Therefore, the use of axial expansion may eject much of the parent ion prior 
to dissociation.   
The abundance of product ions formed during IRMPD was also shown to 
change with qz value.  Because the qz values are inversely proportional to the mass 
to charge ratio, the YGGFL parent ion, the ion of lowest mass-to-charge ratio, had 
the largest qz value of the three peptides studied.  The results of the qz value 
experiments suggest that the parent ion YGGFL may have spent more time in the 
path of the laser than either FLLVPLG or RPPGFSPF.  As explained above, this 
would result in more lower mass-to-charge product ions forming from YGGFL and 
fewer higher mass-to-charge product ions in the decoded ratiogram. 
Fragmentation efficiency results for the dissociation of FLLVPLG at various qz 
values prove that IRMPD is not as efficient at every qz value.  This result implies that 
consideration must be given to the qz values for each of the parent ions during 
multiplexing experiments where IRMPD or TA-IRMPD is used for ion activation.   
CHAPTER 7 
SUMMARY AND FUTURE DIRECTIONS  
 
7.1 Introduction 
The results and techniques presented in this dissertation have demonstrated 
improved methods of MS/MS for bottom-up proteomics in a quadrupole ion trap 
mass spectrometer.  A new technique, HASTE CID, was used to increase the 
internal energy that a parent ion gains during ion activation, while other ion activation 
methods, TA-CID, IRMPD and TA-IRMPD were used to improve the efficiency of 
dissociation for multiplexed peptides ions using IAM.  This chapter summarizes the 
techniques and results presented herein, and discusses details for their 
improvement and use in future experiments. 
 
7.2 HASTE CID 
In chapter 3, HASTE CID was shown to increase the internal energy of a parent ion, 
thereby increasing the probability for the sequential dissociation of product ions.  A 
simple modification to the rf trapping voltage was then demonstrated to allow 
product ions below the CID LMCO to be trapped for mass analysis when HASTE 
CID was used.  Immonium ions for various amino acids were observed in some of 
the resulting MS/MS spectra for HASTE CID.  These immonium ions were not 
observed in the MS/MS spectra for conventional CID because their mass-to- charge 
ratios were below the CID LMCO.   
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The MS/MS spectra from HASTE CID showed different abundances for 
product ions than the 30 ms conventional CID spectra of the same parent ion.  In 
some instances, the abundance of product ions decreased due to their sequential 
dissociation to other lower mass-to-charge product ions. The HASTE CID spectra 
were shown to resemble the CID spectra from the triple quadrupole mass 
spectrometer for many of the peptides studied.   
The fragmentation efficiencies for HASTE CID varied depending upon the 
peptide that was studied.  For some of the peptides, the fragmentation efficiencies 
were similar, while for others, specifically peptides containing basic residues, the 
fragmentation efficiencies were lower.  For the HASTE CID experiments, the 
fragmentation efficiencies ranged between 60 and 100%.  The collection efficiencies 
for HASTE CID varied as well when compared to those of the conventional CID.  Of 
the peptides studied, 5 out of 7 had lower collection efficiencies for HASTE CID than 
conventional CID.  The decrease in collection efficiency was attributed to the 
increase in the excitation voltage used for HASTE CID, which caused the parent 
ions to be ejected before they could dissociate.  None of the collection efficiencies 
was lower than 40% for HASTE CID.   
The MS/MS spectra for HASTE CID using the argon/helium mixture as the 
bath gas, showed an increase in product ion abundance for the peptides studied, in 
addition to an increase in fragmentation efficiency for 3 of the 5 peptides studied.  
This result was expected because argon is known to increase the maximum amount 
of internal energy that an ion gains during activation.  The collection efficiencies for 4 
of the 5 peptides decreased when the argon/helium mixture was used.  This 
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decrease in the collection efficiency was the result of scattering of the parent ions 
and product ions during the ramp between the CID LMCO and the LMCO for 
dissociation.  Thus, the argon/helium mixture did not significantly improve any of the 
MS/MS efficiency calculations.   
 
7.3 Future directions for HASTE CID 
At present, HASTE CID has been proven successful for peptide ions.  Future 
studies should include proteins for top-down proteomics as well as other classes of 
chemical compounds.  Currently CID of intact proteins is not frequently conducted 
because of their large number of degrees of freedom, which requires greater 
amounts of internal energy for the parent ion to dissociate.  However, HASTE CID 
increases the internal energy of a parent ion more than conventional CID, and 
therefore may increase a protein’s internal energy enough to cause dissociation.  
Experiments may be conducted with short pulses of HASTE CID.  As an example 
consider a scan function that activates the parent ion for 2 ms, cools the ion for 
another 10 µs and then activates the ion again for another 2 ms.  For these 
experiments, the pulse would be used to increase the protein parent ion’s internal 
energy, but not eject the parent ion.  Ideally, these short pulses will activate the 
parent ion gradually by allowing a short (less than 10 µs) cooling time in-between 
pulses, theoretically stepping up the proteins internal energy in much the same way 
that  photons are added to the parent ion during IRMPD.  The drawback to the short 
pulse experiment is that the rf trapping voltage would not be lowered between pulses 
so product ions that may form below the CID LMCO would not be observed.   
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For HASTE CID heavy gas experiments, other bath gases can also be 
explored to improve the dissociation of parent ion using HASTE CID.  In one 
account, xenon was shown to cause dissociation because of its high polarizability, 
thus additional HASTE CID experiments should also explore the use of more 
polarizable bath gases.(67)  
Other researchers have explored the use of a helium bath gas with a short 
pulse of a heavier bath gas in quadrupole ion trap.  The heavier bath gas was 
introduced into the vacuum housing shortly after the parent ion was isolated and 
then removed by the vacuum system prior to mass analysis.  The short pulse 
allowed the sensitivity of the mass analyzer to be maintained during ion injection and 
mass analysis, while the increased Ecom from the heavier bath gas was obtained 
during ion activation.  In those experiments, the time allowed for the bath gas to be 
removed was 200 to 400 ms.  Conventional CID with at a time of 20 ms or greater 
was used for the pulsed gas experiments, thus the rf scan function was not lowered 
to observed product ions below the CID LMCO.   
 
7.4 IAM  
In Chapter 5, TA-CID was used with IAM to increase the range of qz values 
that could be used for ion activation.  Through the use of TA-CID parent ions with qz 
values below 0.2 where shown to be efficiently dissociated as the temperature of the 
bath gas for the quadrupole ion trap was increased.  Because more product ions 
were formed when TA-CID was used than when CID was used, more structural 
information was available for sequence elucidation.   
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In Chapter 6, IRMPD and TA-IRMPD were combined with IAM.  As expected, 
IRMPD and TA-IRMPD produced product ions below the CID LMCO.  The addition 
of these lower mass to charge ions should improve structural elucidation of the 
parent ion, however, fewer product ions were found in the ratiogram for IRMPD than 
for TA-CID.  Additional experiments conducted to determine the effect of qz value on 
ion activation from IRMPD or TA-IRMPD did show that different fragmentation 
efficiencies can be expected for various qz values.  Thus, during the simultaneous 
dissociation of parent ions using multiplexing, the qz value of the parent ion should 
be considered.  IRMPD and TA-IRMPD spectra are known to be rich in product ion 
formation, but these product ions are usually low in abundance.  For the results 
reported herein, the threshold set for IAM possibly caused the reduction in product 
ion assignment from the IAM ratiogram.    
  
7.5 IAM future directions 
When each of the three ion activation methods used for IAM in chapters 5 
and 6 are compared, TA-CID seems to give more structural information than either 
IRMDP or TA-IRMPD.  While immonium ions were observed for both IRMPD and 
TA-IRMPD, the presence of immonium ions do not aid in determining the actual 
sequence of the parent ion.  Current sequencing methods for peptides include 
database searches of known or predicted sequences.  However, a fair amount of 
research has recently been focused on de nova sequencing of peptides.  For de 
nova sequencing, instead of using a database of known or predicted product ions, 
the sequence of a peptide is determined only from the MS/MS spectrum.  If a 
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process of de nova sequencing can be used for IRMPD or TA-IRMPD, the structural 
information gained from IAM with IRMPD or TA-IRMPD would be increased.   
 One area of concern for multiplexing is assignment of product ions that 
may be from multiple parent ions, e.g. phenylalanine from two different parent ions.  
When two different parent ions dissociate and form a product ion with the same 
mass-to-charge ratio, the abundance of that product ion is based on the sum for that 
product ion from each of the parent ions.  If the abundance of the product ion from 
one parent ion were known, then a difference could be taken to determine the 
abundance of the product ion that belongs to the other parent ion.   
For the IAM TA-CID experiments, the amplitude of the excitation voltage used 
to activate each parent ion was the same.  Future experiments should include 
applying an excitation voltage that has various amplitudes for each parent ion.  
Building a waveform that has various amplitudes for each parent ion that is to be 
dissociated will allow the user more control over ion activation.  HASTE CID 
combined with lowering the rf trapping voltage can also be used for ion activation 
during IAM.  
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